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Two d i f f e r e n t  models of a pneumatic-input servovalve t h a t  opera tes  
without  t h e  use of moving mechanical p a r t s  w e r e  designed and f ab r i ca t ed .  
The servovalve has  t h e  output  c h a r a c t e r i s t i c s  of a four-way open-centered 
valve and i s  designed t o  ope ra t e  wi th  either N2 a t  room temperature o r  
H2 a t  temperatures from 56'K (10O0R) t o  333'K (600°R), supply p re s su re  
of 148 N / c m 2  (215 ps i a )  , exhaust p re s su re  of 34.5 N/cm2 (50 p s i a ) ,  and 
maximum con t ro l  p re s su re  of 48.5 N/crn2 (70.4 p s i a ) .  This f i n a l  r e p o r t  
p re sen t s  desc r ip t ions  of t h e  f l u e r i c  c i r c u i t s ,  component and c i r c u i t  
development, and eva lua t ion  test r e s u l t s .  
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SECTION 1 
INTRODUCTION 
The o b j e c t i v e  of t h i s  e f f o r t  was  t o  develop a f l u e r i c  servovalve 
f o r  a nuc lea r  rocket  c o n t r o l  drum a c t u a t o r .  The f l u e r i c  servovalve w a s  
developed f o r  t h i s  a p p l i c a t i o n  because of  i t s  p o t e n t i a l  f o r  high reli- 
a b i l i t y  and good performance. 
should be  p a r t i c u l a r l y  advantageous f o r  ope ra t ion  i n  cryogenic,  high- 
temperature,  and r a d i a t i o n  environments. The servovalve has a pneumatic 
i npu t  s i g n a l ,  i t s  output  c h a r a c t e r i s t i c s  are s imilar  t o  those of a four- 
way open-centered servovalve,  and i t  inco rpora t e s  frequency-variant load- 
p re s su re  feedback. 
The i n i t i a l  concept of a pneumatic servovalve using v o r t e x  p res su re  
a m p l i f i e r s  w a s  demonstrated under NASA Contract NAS 3-5212, "Design, 
Fabricat ion and Test of a F lu id  I n t e r a c t i o n  Servovalve." This servo- 
valve operated wi th  a supply p re s su re  of 62 N/cm2 (90  p s i a )  and w a s  
approximately t h r e e  t i m e s  l a r g e r  t han  t h e  servovalve developed under t h e  
s u b j e c t  con t r ac t .  Vortex elements i n  t h e  power s t a g e  of t h e  laboratory-  
model servovalve w e r e  designed w i t h  a chamber diameter of 3.3 c m  ( 1 . 3  
inches)  compared w i t h  1.1 cm (0 .437 inch) f o r  t h e  v o r t e x  chambers of 
t h e  p re sen t  servovalve.  
mum pres su re  recovery of 31.0 N/cm2 ( 4 5  p s i ) ,  which represented 60% of 
supply p re s su re ,  and a maximum flow recovery of 44% of  supply flow. 
laboratory-model servovalve demonstrated t h e  valve f u n c t i o n a l  r e l a t i o n -  
s h i p s ;  however, i t  d i d  no t  produce the des i r ed  l i n e a r i t y ,  flow recovery,  
and output p re s su re  s t a b i l i t y .  The u l t i m a t e  o b j e c t i v e  of t h e  e f f o r t  
under the s u b j e c t  c o n t r a c t  (NAS 3-7980) was t o  r e f i n e  t h e  servovalve 
performance t o  m e e t  t h e  requirements of t h e  AG-20 a c t u a t o r  used f o r  
NASA Contract NAS 3-6201, "Replacement of E lec t ron ic s  w i t h  F lu id  I n t e r -  
a c t i o n  Devices ." 
He*I.lng no moving mechanical p a r t s  , i t  
The i n i t i a l l y  developed servovalve had a maxi- 
This  
The following requirements were apparent and formed t h e  i n i t i a l  
t e c h n i c a l  approach: 
(1) Inco rpora t ion  of dual-exi t  v o r t e x  a m p l i f i e r s  i n  t h e  power 
s t a g e  t o  i n c r e a s e  flow recovery and reduce input-s ignal  
power. 
Addition of r egene ra t ive  feedback i n  t h e  p i l o t  s t a g e  t o  
f u r t h e r  reduce inpu t - s igna l  power. 
t o  provide f o r  improved a c t u a t o r  system response. 
Environmental compa t ib i l i t y  through proper s e l e c t i o n  of  
materials t o  m e e t  t h e  temperature requirement of  t h e  con- 
t r o l  drum a c t u a t i o n  system. 
i t  w a s  n o t  necessary t o  m e e t  t h i s  I t e m  ( 4 ) .  
( 2 )  
( 3 )  Incorporat ion of frequency-variant load-pressure feedback 
( 4 )  




The p resen t  con t r ac t ,  NAS 3-7980, f o r  "Design, Fabr ica t ion  and T e s t  
Resizing t h e  servovalve t o  m e e t  p ressure  and flow 
requirements. 
Improve s t a b i l i t y  and l i n e a r i t y  of servovalve developed 
under Contract NAS 3-5212. 
of a F l u e r i c  Servovalve," has  been c a r r i e d  through Phase 1 breadboard 
demonstrations. A state  of t h e  ar t  has been e s t ab l i shed ,  and areas f o r  
p o t e n t i a l  improvement have been i d e n t i f i e d .  
concept employed two vor t ex  pressure  ampl i f i e r s  f o r  t he  power s t age .  
The second concept employed a four-element vo r t ex  valve b r idge  power 
s t age ,  and an e j e c t o r  and a je t -on-jet  p ropor t iona l  ampl i f i e r  were added 
t o  the  p i l o t  s t age .  
refinement of flow i n t e r a c t i o n s  and geometr ical  modif icat ions.  A sum- 
mary of t h i s  e f f o r t  is found i n  Sec t ion  2 .  Sec t ion  3 descr ibes  t h e  
development of t h e  vo r t ex  p res su re  ampl i f i e r  servovalve.  It conta ins  
a d e s c r i p t i o n  of t h e  servovalve c i r c u i t ,  r e s u l t s  of developmental tests 
of t h e  servovalve components, and r e s u l t s  of an eva lua t ion  test of t h e  
complete servovalve.  Subsequent developmental tests of t h e  vo r t ex  pres- 
s u r e  ampl i f i e r  t o  improve s t a b i l i t y  are a l s o  descr ibed i n  Sect ion 3. 
Sect ion 4 covers t h e  development of t h e  vo r t ex  valve br idge  servovalve.  
It inc ludes  a desc r ip t ion  of t h e  complete c i r c u i t ,  developmental tests 
of t h e  vor tex  br idge  power s t age ,  and development of t he  Venjet ampl i f i e r s ,  
and i t  expla ins  t h e  b e n e f i t s  obtained by adding t h e  e j e c t o r  and je t -on-jet  
p ropor t iona l  ampl i f i e r  t o  the  p i l o t  s t age .  Evaluat ion test  r e s u l t s  of t he  
vo r t ex  br idge  servovalve conclude Sec t ion  4 .  
t i o n s  are presented  i n  Sec t ion  5. 
The material i n  t h e  appendixes provides  t h e  background f o r  t h i s  
repor t .  Appendix A d e t a i l s  t h e  design s p e c i f i c a t i o n s .  Appendix B de- 
s c r i b e s  t h e  vor tex  valve, t h e  vor tex  ampl i f i e r ,  t h e  Venjet  a m p l i f i e r ,  
t h e  je t -on-jet  a m p l i f i e r ,  and t h e  e j e c t o r .  Appendix C provides a 
g lossary  of symbols and terms. Dimensions of components are given i n  
Appendix D.  
used i n  eva lua t ing  t h e  servovalves.  
During Phase 1, two servo-ralve concepts were evaluated.  The f i r s t  
The major po r t ion  of t h e  development e f f o r t  w a s  r e l a t e d  t o  t h e  
Conclusions and recommenda- 




The u l t ima te  o b j e c t i v e  of t h i s  con t r ac t  is  t o  r e f i n e  t h e  servo- 
va lve  performance t o  meet t h e  requirements of t h e  AG-20 ac tua to r  used 
f o r  NASA Contract NAS 3-6201, "Fabricat ion and T e s t  of a F lue r i c  P o s i t i o n  
Servo." 
rocket  con t ro l  drum. 
The servo is designed t o  con t ro l  t h e  p o s i t i o n  of a nuc lear  
amp1 
' been 
Two types of servovalves ,  one incorpora t ing  a vor tex  pressure  
i f i e r - t y p e  power s t a g e  and one a vor tex  bridge-type power s tage ,  have 
designed and evaluated.  T e s t  r e s u l t s  i n d i c a t e  t h a t  t hese  f l u e r i c  
servovalves have most of t h e  des i red  performance c h a r a c t e r i s t i c s ,  bu t  
l ack  e i t h e r  t h e  des i red  output  s t a b i l i t y  o r  power recovery. Of t h e  two 
servovalves,  t h e  vor tex  pressure  ampl i f i e r  u n i t  demonstrated the  h ighes t  
p ressure  and flow recovery,  having a pressure  recovery of 59% and a flow 
recovery of 54%. 
s t r a t e d  a pressure  recovery of 54% and a flow recovery of 20%. Although 
t h e  servovalve with t h e  vor tex  pressure  ampl i f i e r  power s t a g e  has demon- 
s t r a t e d  the  bes t  power recovery,  i t  appears t o  have t h e  g r e a t e r  problem 
with s t a b i l i t y .  
The u n i t  with t h e  vor tex  bridge-type power s t a g e  demon- 
Because of t he  good pressure  and flow recovery performance demon- 
s t r a t e d  by t h e  vor tex  pressure  ampl i f i e r  type servovalve and because of 
i t s  good r e l i a b i l i t y  p o t e n t i a l ,  i t  i s  recommended t h a t  a b a s i c  technology 
study be  c a r r i e d  out  t o  determine causes of and s o l u t i o n s  f o r  i n s t a b i l i t i e s  
i n  f l u e r i c  components and c i r c u i t s ,  and t h a t  t h e  r e s u l t s  of t h i s  s tudy 
be combined with t h e  technology e s t ab l i shed  i n  t h i s  con t r ac t  as a means 
of completing t h e  development of a f l u e r i c  servovalve.  
2 .1  SERVOVALVE : VORTEX PRESSURE AMPLIFIER POWER STAGE CONFIGURATION 
vor tex  pressure  ampl i f i e r s ,  which are operated i n  push-pull and produce 
a pressure-flow c h a r a c t e r i s t i c  similar t o  t h e  conventional four-way- 
br idge spool-type servovalve.  The p i l o t  s t age  is made up b a s i c a l l y  of 
two Venjet ampl i f i e r s  and two summing vor tex  valves .  The func t ion  of 
t h e  p i l o t  s t age  is  t o  amplify t h e  input  s i g n a l ,  and t o  convert  i t  t o  a 
con t ro l  pressure  a t  a higher  pressure  l e v e l  compatible with the  power 
s tage.  The Venjet ampl i f i e r  enables  a high output  pressure  t o  be con- 
t r o l l e d  by a low chamber pressure  which, i n  tu rn ,  i s  cont ro l led  by a 
summtng vor tex  valve.  
con t ro l  s i g n a l  t o  one of t h e  power s t a g e  vor tex  pressure  ampl i f ie rs .  
The power s t age  of t he  first type of servovalve c o n s i s t s  of two 
The output  of  each Venjet ampl i f i e r  provides  the  
F lue r i c  components f o r  t h e  servovalve w e r e  designed, f ab r i ca t ed  and 
t e s t ed .  The t e s t i n g  of t h e  components revealed t h a t  with t h e  smaller- 
s i z e  lower-flow vor t ex  elements i t  w a s  no t  poss ib l e  t o  achieve t h e  turn- 
down r a t i o  ( r a t i o  of maximum output  flow t o  minimum output  flow) t h a t  
2-1 
had been poss b l e  wi th  t h e  l a rge r - s i ze  elements. 
apparent t h a t  i t  would no t  be  poss ib l e  t o  increase  t h e  flow recovery of 
t h e  servovalve t o  t h e  des i red  va lue  of 55% of supply flow. I n  subsequent 
tests a flow recovery of 50% and a pressure  recovery of 67.5 N/cm2 (98 p s i )  
with a supply pressure  of 148 N/cm2 (215 ps i a )  w a s  achieved. The output  
pressure  no i se  level w a s  9.4 N /cm2 (13.7 p s i )  , and response tests indica ted  
t h a t  t h e  f i n a l  conf igura t ion  would have more than adequate response. It 
w a s  low i n  pressure  recovery,  and t h e  output  pressure  w a s  uns tab le .  The 
low pressure  recovery could be t o l e r a t e d  because i t  w a s  poss ib l e  t o  m e e t  
t he  f i n a l  goa l  of opera t ing  t h e  AG-20 ac tua t ion  system, but  t he  output  
s t a b i l i t y  had t o  be  improved. 
w a s  found t h a t  t he r2  w a s  a reversal of  t he  s lope  of t h e  output  pressure- 
flow c h a r a c t e r i s t i c  curves of t h e  power s t age  vor tex  pressure  ampl i f ie r .  
The s lope-reversal  region is  an uns tab le  o r  o s c i l l a t o r y  region and r e s u l t s  
i n  low-frequency v a r i a t i o n s  i n  t h e  servovalve output  pressure.  The s lope  
reversal w a s  thought t o  be  r e l a t e d  t o  t h e  dynamic and s ta t ic  character-  
istics of t h e  vor tex  flow f i e l d  i n  t h e  area between t h e  vor tex  chamber 
e x i t  o r i f i c e  and t h e  probe receiver entrance.  
e t r y  of t h i s  area el iminated t h e  s lope  reversal i n  t h e  s ing le-ex i t  vo r t ex  
pressure  ampl i f ie r ,  but  when t h e  changes were incorporated i n  a dual-exit  
device t h e  s lope  reversal reappeared. I n  genera l ,  changes i n  geometry 
which el iminated t h e  s lope  r eve r sa l  a l s o  r e su l t ed  i n  lower pressure  and 
flow recovery. 
A s  a r e s u l t ,  i t  became 
I n  an inves t iga t ion  t o  e s t a b l i s h  t h e  cause of t h e  i n s t a b i l i t y ,  i t  
Changes made i n  t h e  geom- 
2.2 SERVOVALVE : VORTEX BRIDGE POWER STAGE CONFIGURATION 
A vor tex  valve br idge power s t a g e  cons i s t ing  of four  vo r t ex  va lves  
arranged i n  a br idge  c i r c u i t  w a s  evaluated as an a l t e r n a t i v e  t o  t h e  vor tex  
pressure  ampl i f i e r  power s tage.  A je t -on-jet  p ropor t iona l  ampl i f i e r  and 
e j e c t o r  were added t o  the p i l o t  s t age  t o  maintain o v e r a l l  flow recovery.  
The add i t ion  of t h e  je t -on-jet  p ropor t iona l  ampl i f i e r  a l s o  provides  
add i t iona l  power gain i n  the  p i l o t  s t a g e  so t h a t  t h e  regenerative-feedback 
vor tex  pressure  ampl i f i e r s  used wi th  t h e  vor tex  pressure  ampl i f i e r  con- 
f i g u r a t i o n  w e r e  no longer  needed. 
During the  i n i t i a l  development, only one-half of t h e  br idge  c i r c u i t  
w a s  t e s t ed .  Ex i s t ing  components w e r e  used and, because of pressure  
l i m i t a t i o n s ,  tests were operated with pressures  below design. The supply 
pressure  t o  t h e  c i r c u i t  w a s  79.2 ??/cm2 (115 ps i a )  and the  exhaust pres- 
s u r e  w a s  10.3 N / c m Z  (15 
s lope  i n  t h e  c h a r a c t e r i s t i c  curves and t h e  c i r c u i t  had a maximum output  
pressure  v a r i a t i o n  of 0.069 N/cm2 (0.1 p s i )  peak-to-peak. The pressure  
recovery w a s  66%. 
opt imizat ion of t h e  turndown r a t i o s  of t h e  c i r c u i t  elements, adequate 
pressure  recovery could be  achieved. 
recovery w e r e  f ab r i ca t ed  next.  Also, a je t -on-jet  p ressure  ampl i f i e r  w a s  
s i a )  , as compared wi th  a required 1 2 1  N/cm2 
(175 ps i a )  and 34.5 N/cm 3 (50 p s i a ) .  There w e r e  no areas of reverse 
' It w a s  concluded t h a t  w i th  proper s i z i n g  and t h e  
Components f o r  a complete br idge  c i r c u i t  designed f o r  higher  power 
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acquired and an e j e c t o r  w a s  b u i l t .  T e s t s  wi th  one-half of t h e  c i r c u i t  
i nd ica t ed  t h a t  t h e  complete br idge  c i r c u i t  would have a pressure  swing 
of 7 1  N/cm2 (103 p s i )  and an output  no i se  l e v e l  of 2.8 N/cm2 ( 4  p s i ) .  
The complete br idge  c i r c u i t  a long wi th  t h e  je t -on-jet  ampl i f i e r  and 
e j e c t o r  developed a d i f f e r e n t i a l  
t h a t  t h e  je t -on-jet  ampl i f i e r  and e j e c t o r  funct ioned as an t i c ipa t ed .  
It was concluded t h a t  a breadboard model of t h e  complete servovalve using 
t h e  vor tex  br idge  c i r c u i t  r a t h e r  than t h e  pressure  ampl i f i e r  should be 
b u i l t  and acceptance-tested.  
The vor tex  br idge  was s e l e c t e d  on t h e  b a s i s  of supe r io r  output  
pressure  s t a b i l i t y  c h a r a c t e r i s t i c s  found during t h e  i n i t i a l  tests and 
t h e  premise t h a t  acceptab le  pressure  recovery,  f low recovery,  and s t a b i l i t y  
could be achieved with a d d i t i o n a l  op t imiza t ion  of component performance. 
The exhaust va lves  of the  br idge  c i r c u i t  were changed t o  s ing le -ex i t  
devices  t o  improve s t a b i l i t y , a n d  the con t ro l  flow t o  these  elements w a s  
reduced. The p i l o t  s t a g e  of t h e  complete servovalve incorpora tes  Venjet 
a m p l i f i e r s  i n  t h e  c o n t r o l  s i g n a l  input  c i r c u i t s  t o  t h e  je t -on-jet  pro- 
p o r t i o n a l  ampl i f ie r .  I n  t e s t i n g  t h e  complete servovalve,  i t  w a s  found 
t h a t  t h e  add i t ion  of t h e  Venjet  ampl i f i e r s  increased  t h e  output  no i se  
of t h e  servovalve above t h a t  obtained when t h e  power s t a g e  w a s  con t ro l l ed  
wi th  a p i l o t  s t a g e  cons i s t ing  of only a je t -on- je t  p ropor t iona l  ampl i f ie r .  
An inves t iga t ion  ind ica t ed  t h a t  t h e  Venjet ,  i t s e l f ,  had an output  no i se  
l e v e l  of 2.8 N / c m 2  ( 4  p s i )  peak-to-peak a t  a frequency of approximately 
100 hz. I n  subsequent development of t h e  Venjet ,  geometry of t h e  nozzle  
and r ece ive r  w a s  va r i ed  and t h e  n o i s e  level w a s  reduced t o  0.83 N / c m  
(1.2 p s i )  peak-to-peak. The add i t ion  of t h e  Venjets  t o  the  servovalve 
s t i l l  r e su l t ed  i n  an inc rease  i n  output  no i se  level of t h e  servovalve.  
The output  no i se  of concern w a s  low-frequency n o i s e  t h a t  d id  not  cor- 
relate with t h e  high-frequency n o i s e  of t h e  Venjet .  
r e s s u r e  of 70 N/cm2 (101 p s i )  and had 
an output  no i se  l e v e l  of 6.9 N / c m  s (10 p s i ) .  These tests a l s o  e s t ab l i shed  
2 
The Venjets  and summing vor t ex  va lves  of t h e  f i n a l  servovalve were 
oversized r e l a t i v e  t o  t h e  je t -on-jet  ampl i f ie r .  
o r i g i n a l l y  s i zed  t o  ope ra t e  with t h e  pressure  ampl i f i e r  power s tage .  
Also, being a breadboard, components were no t  c l o s e l y  connected and dynamic 
performance could not  be f u l l y  evaluated.  I n  t h e  f i n a l  acceptance test, 
t h e  servovalve had a p res su re  recovery of 61 N/cm2 (89 p s i ) ,  a flow 
recovery of 20%, and an output  n o i s e  l e v e l  of 7.9 N/cm2 (11.4 p s i )  peak- 
to-peak. 
recovery of t h i s  servovalve would be 31%. 
va lve  performance is presented i n  t h e  following sec t ion .  
These components were 
With properly s i z e d  Venjets  and vo r t ex  summing va lves ,  t h e  flow 
A complete summary of servo- 
2.3 BREADBOARD SERVOVALVE PERFORMANCE 
Table 2-1 summarizes t h e  performance c h a r a c t e r i s t i c s  of t h e  two 
The c h a r a c t e r i s t i c  load pressure  versus  load flow curves f o r  t h e  
b a s i c  types of f l u e r i c  servovalves  t h a t  w e r e  b u i l t  and evaluated.  
servovalves  are shown i n  Figures2-1 and 2-2. 
a c t e r i s t i c . c u r v e s  of a vo r t ex  br idge  power s t a g e  with good flow and 
Figure 2-3 shows t h e  char- 
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Rated Input Signal 
Input Signal 
Pressure Bias 
Total Input Power 





I (11) Transient Response 
* 
Specified 
2 148 N/cm (215 psia) 
2 34.5 N/cm (50 psia) 
55% min. 
7 N/cm (10 psi) max. 
45 N/cm (65.3 psia) max. 
2.1 watts max. 
2.76 gmlsec (0.0063 pps) 
82 N/cm (119 psi) 
10% max. 




0.4 N/cm2 (0.58 psi) p-p max. 
52.5% F.V. in 0.055 sec (on H2) 
30.0% F.V. in 0.210 sec (on H2) 
20" max. @ 6 hertz (on H2) 
90" max. I3 60 hertz (on H2) 






148 N/cm2 (215 psia) 
2 34.5 N/cm (50 psia) 
50% 
10 N/cm2 (14.5 p s i )  
53.7 N/cm2 (76.7 psia) 
10.5 watts 
3.0 gm/sec (0.0067 pps) 
67 N/cm (98 psi) 2 
19% 
2 times 
9 N/cm2 (13.1 psi) 
0.110 sec 
0.190 sec 
20" @ 5 hertz 






148 N/cm2 (215 psia) 
2 34.5 N/cm (50 psia) 
20% 
4.8 N/cm 2 (5.6 psi) 
r9.3 N/cm2 (71.7 psia) 
7.8 watts 
.O gm/sec (0.0022 pps) 
61.2 N/cm2 (89 psi) 
. 16% 
I .7 times 
7.9 N/cm2 (11.4 psi) 
0.14 sec 
0.29 sec 
(12) Frequency Response 
Phase Shift and 
Amplitude Ratio 
(13)  Threshold 
( 1 4 )  Hysteresis 
* 
NASA Contract No. NAS 3-7980. Specified performance is with nitrogen except where hydrogen is indicated. 
20" @ 1.9 hertz 
90" @ 10 hertz 
'2 db @ 0-8 hertz 
not measured 
5% 
pres su re  recovery,  bu t  wi th  t h e  s lope- reversa l  c h a r a c t e r i s t i c  t h a t  causes  
i n s t a b i l i t y .  
Prev ious ly  mentioned tests w e r e  conducted wi th  n i t rogen  gas. 
servovalve concepts a l s o  were t e s t e d  by using hydrogen as t h e  supply gas. 
The blocked p o r t  p re s su re  ga in  characteristics of t h e  vor tex  b r idge  servo- 
va lve  t e s t e d  wi th  hydrogen and then wi th  n i t rogen  are shown i n  Figure 2-4. 
The p res su re  ga in  c h a r a c t e r i s t i c s  are e s s e n t i a l l y  t h e  same, and l i n e a r i t y  
is  very good except when approaching maximum output  pressure .  I n  tests 
of t h e  servovalve wi th  t h e  p re s su re  ampl i f i e r  power s t a g e ,  changing of 
gases  r e s u l t e d  i n  a n u l l  s h i f t .  
mismatching of t h e  components. 
ampl i f i e r  servovalve show t h a t  t h e  response of t he  servovalve w i l l  be  
adequate. 
r a t h e r  than compactness. 
and using hydrogen r a t h e r  than n i t rogen  would b r ing  t h e  performance wi th in  
t h e  s p e c i f i e d  values .  
s e n t a t i v e  of its p o t e n t i a l  c a p a b i l i t y  because t h e  components were mani- 
folded wi th  long communicating l i n e s .  
would have dynamic response comparable t o  t h e  vo r t ex  p res su re  ampl i f i e r  
servovalve,  a compact vo r t ex  b r idge  servovalve should m e e t  a l l  dynamic 
performance requirements.  
The supe r io r  power recovery of t h i s  design is apparent .  
Both 
This  s h i f t i n g  w a s  due p r imar i ly  t o  a 
The r e s u l t s  of  frequency response tests of t h e  vo r t ex  p res su re  
The breadboard components w e r e  packaged t o  achieve f l e x i b i l i t y  
Repackaging t o  decrease  connecting l i n e  volumes 
The dynamic response of t h e  vo r t ex  br idge  servovalve is  no t  repre-  
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Figure 2-1 - Breadboard F l u e r i c  Servovalve Output Flow 
Versus D i f f e r e n t i a l  P res su re  
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Figure 2-2 - Output Flow Versus Output P res su re  - Vortex Valve 
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OUTPUT DIFFERENTIAL PRESSURE (N/cm2) 
Figure 2-3 - Output Pressure Versus Output Flow Charac te r i s t i c s  
of Vortex Valve Bridge Power Stage 
2.4  FLUERIC SERVOVALVE POTENTIAL PERFORMANCE 
The p o t e n t i a l  performance is  t h e  pred ic ted  maximum performance t h a t  
may be achieved from a f l u e r i c  servovalve when using components and cir-  
c u i t s  wi th  c h a r a c t e r i s t i c s  a l ready  e s t ab l i shed  experimentally i n  t h e  s i z e  
and pressure  ranges under cons idera t ion .  
Figure 2-5 shows t h e  p o t e n t i a l  load pressure  versus  load flow 
curves f o r  a vor tex  pressure  ampl i f i e r  servovalve and a vor tex  br idge 
servovalve.  A l s o  shown is  t h e  spec i f i ed  c h a r a c t e r i s t i c  curve. The load 
flow has  been normalized by showing i t  as a f r a c t i o n  of supply flow, and 
t h e  output  p re s su re  has  been normalized with r e spec t  t o  t h e  pressure  
d i f f e rence  between va lve  supply pressure  and exhaust pressure.  
are der ived from t h e  c h a r a c t e r i s t i c  curves shown i n  Figure 2-1. 
flow recovery of t h i s  servovalve is  improved by t h e  add i t ion  of a jet-  
on-jet  p ropor t iona l  ampl i f i e r  t o  t h e  p i l o t  s t age ,  which inc reases  t h e  
maximum flow recovery from 50% t o  76% of supply flow. A schematic of 
t h i s  servovalve concept is shown i n  Figure 2-6. 
The c h a r a c t e r i s t i c  curves of t h e  vor tex  br idge  servovalve are 
der ived from t h e  curves shown i n  Figure 2-3, and are based on using a 
properly s i zed  p i l o t  s t age .  
f o r  t hese  two servovalve concepts. 
The c h a r a c t e r i s t i c s  of t h e  vor tex  pressure  ampl i f i e r  servovalve 
The 
Table 2-2 summarizes t h e  p o t e n t i a l  performance 
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PCA SUPPLY Pc B 
PROPORTIONAL 
AMPLIFIER 
PI LOT STAGE 
72% 61% 63% 
2.76 gmlsec 2.76 gm/sec 2.76 gmlsec 
(0.0063 pps) (0.0063 pps) (0.0063 pps) 
2 .1  watts 4 . 2  watts 2.9 watts 
Figure 2-6 - F l u e r i c  Servovalve Schenat ic  - Vortex P res su re  Amplifier 




It has been e s t ab l i shed  t h a t  a f l u e r i c  servovalve wi th  performance 
c a p a b i l i t i e s  comparable t o  a flapper-nozzle type servovalve can b e  b u i l t .  
A problem wi th  s t a b i l i t y  s t i l l  exists. 
fa r  t o  improve s t a b i l i t y  have r e s u l t e d  i n  reduct ion  of pressure  and flow 
recavery. I n  t h e  case of  t h e  vo r t ex  b r idge  servovalve,  a severe l o s s  i n  
power recovery r e su l t ed .  I f  t h e  f u l l  p o t e n t i a l  of t h i s  type of servo- 
valve is t o  b e  r e a l i z e d ,  i t  w i l l  b e  necessary t o  develop techniques f o r  
s t a b i l i z a t i o n  t h a t  do not  r e s u l t  i n  severe l o s s e s  i n  performance. 
2.6 RECOMMENDATIONS 
All techniques evaluated thus  
Since t h e  f l u e r i c  servovalve has  demonstrated good performance 
c a p a b i l i t i e s  excluding s t a b i l i t y ,  and o f f e r s  important advantages i n  
r e l i a b i l i t y  and maintenance, i t  is recommended t h a t  f u r t h e r  development 
e f f o r t  be  c a r r i e d  on t o  improve s t a b i l i t y .  
a b a s i c  technology s tudy t o  determine causes of and s o l u t i o n s  f o r  i n s t a -  
b i l i t i e s  i n  f l u e r i c  components and c i r c u i t s .  
should b e  developed t o  desc r ibe  f l u e r i c  elements by mathematical models 
and t o  analyze and opt imize c i r c u i t s  by computer. The e f f o r t  should be  
concluded by applying t h e  r e s u l t i n g  technology along wi th  t h e  technology 
descr ibed i n  t h i s  r e p o r t  i n  f u r t h e r  development of a f l u e r i c  servovalve 
wi th  a je t -on- je t  p ropor t iona l  ampl i f i e r  type p i l o t  s t a g e  and a vo r t ex  
p res su re  ampl i f i e r  type power s t a g e  
This e f f o r t  should inc lude  
Ana ly t i ca l  techniques 
2-9 
SECTION 3 
DEVELOPMENT OF VORTEX PRESSURE ANPLIFIER SERVOVALVE 
The breadboard vortex pressure amplifier servovalve uses a similar 
but more sophisticated flueric circuit than that used in the laboratory- 
model servovalve developed under NASA Contract NAS 3-5212. * 
laboratory-model servovalve used ;wo single-exit vortex pressure amplifiers 
for the power stage and two Venjet amplifiers controlled by dual-exit 
vortex valves for the pilot stage. In the initial design approach of 
the breadboard vortex pressure amplifier, the following changes were 
made from the laboratory-model servovalve. 
Incorporation of dual-exit vortex amplifiers in the power 
stage to increase flow recovery and reduce input-signal 
power. 
Addition of regenerative feedback in the pilot stage 
to reduce input-signal power further. 
Incorporation of frequency-variant load-pressure feedback 
to provide for improved actuator system response. 
Sizing the servovalve much smaller to meet flow 
requirements. 
After the flueric components were designed and fabricated, developmental 
and evaluation tests were performed on each component separately. 
components were then assembled together and the complete breadboard 
servovalve was experimentally evaluated. A stability problem was found 
and the main source of the instability was traced to a "negative resis- 
tance" (i.e. , reverse slope) region in the pressure-flow characteristics 
of the power stage vortex pressure amplifiers, as shown in Figure 3-1. 
Developmental tests were performed on the power stage vortex pressure 
amplifier in which the stability was improved slightly but the oscillation 





( 4 )  
The 
3.1 DESCRIPTION OF CIRCUIT 
The servovalve circuit is made up of a power stage and pilot stage 
as shown schematically in Figure 3-2. 
are described in Appendix B. 
schematically in Figure 3-3, which are operated in push-pull and produce 
a pressure-flow characteristic similar to the conventional four-way- 
bridge spool-type servovalve. 
Components making up the circuit 
The power stage consists of two vortex pressure amplifiers, shown 
An increase of control pressure Pel diverts 
* 
"Design Fabrication and Test of a Fluid Interaction Servovalve (Final 
Report)," Bendix Report BRL-2978, NASA Report NASA-CR-54463 (N65-31178), 
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Figure 3-1 - Vortex Pressure  Amplifier Receiver Output Flow 
Versus Output Pressure 
the  flow leaving  the  output o r i f i c e  of valve VI and thereby reduces the  
recovered pressure  P i .  
flow leaving V2 t o  increase  P2. 
P2 - PI across  the  load.  
necessary f o r  one valve t o  absorb reverse  flow from t h e  ac tua to r  when 
t h e  load is moving. 
t h i s  type of operat ion.  
f u l l y  d iver ted  t o  exhaust,  t h e  backflow i s  exhausted with minimum back 
pressure  by providing s u f f i c i e n t  area between the  va lve  and rece iver .  
from 148 N/cm2 (215 p s i a )  to  about 120 N/cm2 (175 p s i a ) .  The quiescent  
cont ro l  pressures  t o  t h e  power s t age  are set a t  a va lue  t h a t  r e s u l t s  i n  
a quiescent  supply flow t o  each vor tex  pressure  ampl i f i e r  equal t o  one-half 
A simultaneous reduct ion of Pc2 converges t h e  
The r e s u l t  i s  a d i f f e r e n t i a l  p ressure  
When t h e  two valves  are operated t o  d r i v e  an ac tua to r  load,  i t  is 
The vortex ampl i f ie r  r ece ive r  is  designed t o  provide 
With the o u t l e t  flow a t  a minimum value  and 
An o r i f i c e  i n  t h e  supply l i n e  t o  t h e  power s t a g e  drops the  pressure  
3-2 
a; 











Figure 3-3 - Schema.tic of Power Stage 
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of t h e  maximum supply flow t o  t h e  power s tage .  When t h e  con t ro l  pressures  
are va r i ed  about t h e  quiescent  condi t ion by an  input  s i g n a l  t o  t h e  va lve ,  
one con t ro l  pressure  t o  t h e  power s t age  increases  and t h e  o t h e r  decreases .  
This change i n  con t ro l  pressures  r e s u l t s i n  an inc rease  i n  supply flow t o  
one vo r t ex  pressure  ampl i f i e r  and a decrease i n  t h e  supply flow t o  t h e  
other .  
independent of t h e  r ece ive r  load o r  output  flow. Thus t h e  supply flow 
t o  t h e  power s t a g e  and consequently t h e  supply pressure ,  remain rela- 
t i v e l y  constant .  
type,  which has a higher  flow &-in than a s ingle-ex i t  ampl i f ie r .  A 
dual-exi t  p ressure  ampl i f i e r  has an e x i t  o r i f i c e  and a probe-type 
receiver on each s i d e  of t h e  vor tex  chamber a t  t h e  cen te r ,  as shown 
i n  Figure 3 - 4 .  
The func t ion  of t h e  p i l o t  s t a g e  i s  t o  amplify t h e  input  s i g n a l ,  and 
t o  convert  i t  t o  a con t ro l  pressure  a t  a higher  p re s su re  l e v e l  compatible 
with t h e  power s tage .  The p i l o t  s t a g e  is  made up b a s i c a l l y  of two Venjet 
ampl i f i e r s  and two summing vor tex  valves .  The Venjet ampl i f i e r  enables  
a high output pressure  t o  be con t ro l l ed  by a low chamber pressure  which, 
i n  tu rn ,  is  con t ro l l ed  by a summing vor tex  valve.  The primary c o n t r o l  
flow t o  t h e  summing vor tex  va lve  is  one of t h e  servovalve input  signals. 
The output  of each Venjet is the  con t ro l  s i g n a l  t o  one of t h e  power s t age  
vor tex  p res su re  ampl i f i e r s .  
The e f f e c t i v e  r e s t r i c t i o n  of t h e  summing vor t ex  valve is  a func t ion  
of t h e  pressure  d i f f e r e n t i a l  between t h e  Venjet chamber pressure  and t h e  
sum of t h e  con t ro l  input  s i g n a l s  t o  t h e  summing vor tex  valve.  The con- 
t r o l  s i g n a l  t o  t h e  summing vor tex  va lve  need only be s l i g h t l y  higher  than 
t h e  Venjet chamber pressure  t o  restrict t h e  chamber vent  flow. The Venjet 
chamber pressure  i s  the  supply pressure  of t h e  summing vor tex  va lve ,  and 
the  va lve  supply flow is  t h e  vent  flow of t h e  Venjet. A s  t h e  primary 
con t ro l  input  pressure  t o  t h e  summing vor tex  valve inc reases ,  t h e  vent  
flow from t h e  Venjet chamber decreases  and t h e  Venjet chamber pressure  
increases ,  causing t h e  Venjet r ece ive r  p re s su re  and flow t o  increase .  
A schematic of a Venjet ampl i f i e r  con t ro l l ed  by a vor tex  va lve  is  shown 
i n  Figure 3-5 .  
valve is  incorporated t o  improve t h e  power gain of t h e  p i l o t  s t age .  The 
output  pressure  change of t he  Venjet is used t o  provide the  feedback 
s igna l .  However, simple feedback of t h i s  p re s su re  t o  t h e  summing vor tex  
valve would no t  be adequate because t h e  flow change would be propor t iona l  
t o  t h e  output  pressure .  To produce a l a r g e  change i n  feedback flow, t h e  
Venjet output  p re s su re  is  introduced i n t o  t h e  supply po r t  of another  
vor tex  va lve  t h a t  is biased through i ts  con t ro l  po r t  a t  a pressure  near  
t h e  maximum output  pressure  of t h e  Venjet .  
p ropor t iona l ly  t o  t h e  output  pressure  change; i n s t ead ,  t h e  feedback flow 
is  con t ro l l ed  by t h e  d i f f e rence  between the  b i a s  pressure  and t h e  Venjet 
output  pressure ,  and a much l a r g e r  flow change is  possible .  When Venjet 
output  pressure  is maximum, the  p re s su re  d i f f e rence  is zero,  and t h e  va lve  
Also, t h e  supply flow t o  each vor tex  p res su re  ampl i f i e r  is almost 
Each vor tex  pressure  ampl i f i e r  is  of t h e  dual-exi t  
Regenerative feedback between each Venjet and i t s  summing vor tex  








Figure 3-4 - Dual-Exit Vortex P res su re  Amplif ier  
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Figure 3-5 - Schematic of Venjet Amplif ier  - Vortex Valve C i r c u i t  
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p e r m i t s  maximum flow t o  feed back t o  t h e  summing vor t ex  valve.  When 
Venjet output p re s su re  is  smaller than t h e  b i a s  pressure ,  t h e  b i a s  flow 
tu rns  down t h e  valve, reducing feedback flow. The feedback e n t e r s  a 
con t ro l  p o r t  of t h e  summing vor t ex  va lve  i n  t h e  same d i r e c t i o n  as t h e  
con t ro l  input  s i g n a l  so t h a t  i t  inc reases  t h e  gain.  Proper s i z i n g  of 
t he  feedback vor tex  va lve  produces the  required feedback gain.  
t h e  summing vor t ex  va lve  conta ins  two a d d i t i o n a l  opposing con t ro l  po r t s .  
These p o r t s  receive t h e  load-pressure feedback s igna l .  
same d i r e c t i o n  as t h e  input  sig-;1 receives t h e  d i r e c t  load pressure  
s i g n a l  through a gain-adjust ing o r i f i c e .  The same pressure  is  passed 
through a similar o r i f i c e  i n  series wi th  a volume t o  t h e  opposing c o n t r o l  
po r t .  
reduces t h e  opposing flow t o  zero.  However, a t  low f requencies  t h e  same 
amount of flow passes through t h e  volume as through t h e  branch without  
t h e  volume, and t h e  two cance l  each o t h e r  out .  The e f f e c t  i s  t o  reduce 
ga in  when input  f requencies  are high. This frequency-variant p re s su re  
feedback i s  termed dynamic p res su re  feedback. 
I n  add i t ion  t o  t h e  input  s i g n a l  and regenerative-feedback s i g n a l ,  
The p o r t  i n  t h e  
This volume and o r i f i c e  form a l a g  c i r c u i t  which a t  high f requencies  
3.2 COMPONENT DEVELOPMENT AND TEST RESULTS 
3.2.1 Power Stage Vortex Pressure  Amplifier 
(1) Chamber D i a m e t e r .  Development 
I n  t h e  i n i t i a l  tests of t h e  vo r t ex  pressure  ampl i f i e r ,  
a nega t ive  r e s i s t a n c e  c h a r a c t e r i s t i c  w a s  found which r e s u l t e d  i n  a v e r t i c a l  
po r t ion  of t h e  supply f low versus  c o n t r o l  pressure  curve as shown i n  Fig- 
u r e  3-6. Negative r e s i s t a n c e  i n  a vo r t ex  device  o r d i n a r i l y  can be e l i m i -  
nated by inc reas ing  t h e  v iscous  l o s s e s  i n  one of s e v e r a l  ways: 
shor ten ing  chamber l eng th  t o  inc rease  viscous drag, (b) en larg ing  chamber 
diameter t o  lengthen t h e  flow path,  o r  (c)  roughening, o r  adding pro- 
t r u s i o n s  o r  grooves t o  t h e  chamber w a l l s .  
n a t e  t h e  nega t ive  r e s i s t a n c e  by shor ten ing  t h e  vo r t ex  chamber length ,  bu t  
t h i s  method w a s  no t  e f f e c t i v e .  Returning t o  t h e  o r i g i n a l  chamber length ,  
t h e  chamber and but ton  diameters w e r e  increased ,  keeping t h e  annular area 
around t h e  but ton  cons tan t .  The vo r t ex  chamber diameter, o r i g i n a l l y  
0.660 c m  (0 .260 i n . ) ,  w a s  f i r s t  increased t o  0.940 cm (0.370 i n . ) .  
change eliminated some, bu t  not a l l ,  of t h e  nega t ive  r e s i s t ance .  The 
chamber diameter w a s  next increased  t o  1.112 c m  (0 ,438 i n . ) ,  and t h i s  
change eliminated a l l  of t h e  nega t ive  r e s i s t a n c e .  
p ressure  curve is shown i n  Figure 3-7. 
(a)  
The f i r s t  attempt w a s  t o  e l i m i -  
This 
The flow versus  con t ro l  
( 2 )  Exi t  O r i f i c e  Length 
When t h e  second power s t age  vor tex  pressure  a m p l i f i e r  
w a s  b u i l t ,  i t  incorporated a longer e x i t  o r i f i c e  as a means of improving 
both output  p re s su re  s t a b i l i t y  and pressure  recovery. 
e x i t  o r i f i c e  l eng th  of t h e  f i r s t  ampl i f i e r  w a s  30% of t h e  o r i f i c e  diameter. 
The vo r t ex  chamber 
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The blocked output  pressure  under t h e  zero con t ro l  f low condi t ion i n t e r -  
mi t t en t ly  f luc tua ted  between 91% and 75% of t h e  vo r t ex  ampl i f i e r  supply 
pressure.  
s t r a i g h t e n  and focus t h e  j e t ;  so t h e  o r i f i c e  length  of t h e  second ampl i f i e r  
was increased t o  fou r  t i m e s  t h e  o r i f i c e  diameter.  
t h e  i n t e r m i t t e n t  output  pressure  f l u c t u a t i o n ,  and increased t h e  maximum 
blocked output  pressure  t o  96% of t h e  supply pressure.  
mum blocked output  pressure  w a s  higher  a l s o ,  s o  t h a t  t h e  maximum pressure  
d i f f e r e n t i a l  w a s  only s l i g h t l y  higher .  
It w a s  thought t h a t  a longer  e x i t  o r i f i c e  would tend t o  
This  change el iminated 
However, t h e  mini- 
3.2.2 Ven j et Amplifier 
The o3 jec t ives  of t h e  Venjet ampl i f i e r  test  were t o  determine 
the  pressure  ga in  c h a r a c t e r i s t i c s  and t h e  maximum pressure  and flow re- 
covery. 
This test w a s  performed a t  room temperature using both n i t rogen  and hydro- 
gen. Previous t o  the  performance of t h i s  tes t ,  i t  w a s  unce r t a in  Whether 
o r  no t  t h e r e  would be a s h i f t  i n  t h e  output  pressure  versus  chamber pres- 
su re  curve i n  changing from ni t rogen  t o  hydrogen. 
i n d i c a t e  t h a t  t h e r e  is  v i r t u a l l y  no d i f f e rence  i n  performance. 
The output  pressure  and flow c h a r a c t e r i s t i c s  are shown as 
a func t ion  of  t h e  chamber pressure  i n  Figure 3-9. The load o r i f i c e  simu- 
l a t e d  t h e  o r i f i c e  area of one of t h e  servovalve power s t a g e  vor tex  ampli- 
f i e r s .  The pressure  downstream of t h e  load w a s  120 N/cm2 (175 ps i a )  , and 
corresponded t o  t h e  supply pressure  of t h e  power s tage .  The supply pres- 
su re  t o  t h e  Venjet w a s  148.1 N/cm2 (215 ps i a ) .  Under t h e  test  load  condi- 
t i o n ,  t h e  maximum output  pressure  w a s  127 N/cm2 (184 ps i a )  with a flow 
recovery of 56%. The blocked output  (zero load flow) versus  chamber pres- 
s u r e  is  shown i n  Figure 3-10. 
A schematic of t h e  Venjet ampl i f i e r  is  shown i n  Figure 3-8. 
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Figure 3-12 - Flow Versus Control  Pressure  Charac t e r i s t i c s  of 
Summing Vortex Valve 
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3.2.3 Summing Vortex Valve 
The primary objective of the summing vortex valve test was 
to determine turndown ratio. The summing vortex valve, shown schematically 
in Figure 3-11, is of the dual-exit type with four control inputs: the 
input signal, the regenerative feedback signal, and the two inputs from 
the dynamic pressure feedback network. 
Data in Figure 3-12 show supply flow and control flow 
measured at various control pressures. 
obtained. 
hysteresis effect if the supply pressure is held constant. However, in 
the servovalve, the supply pressure to the summing vortex valve increases 
as the control pressure increases, so that no hysteresis effect occurs. 
A turndown ratio of 8.3:l was 
A negative resistance rzgion was found which results in a 
3.2.4 Regenerative-Feedback Vortex Pressure Amplifier 
The objective of this test was to determine the turndown 
ratio and the pressure-flow recovery characteristics of the regenerative- 
feedback vortex pressure amplifier. 
is shown in Figure 3-13. 
receivers. The test was performed with room temperature nitrogen at a 
supply pressure of 127 N/cm2 (185 psia). The supply flow, control flow, 
and output pressure were measured at various values of control pressure. 
The control flow, supply flow, and blocked output pressure are plotted 
as a function of supply flow in Figure 3-14. The turndown ratio of this 
device is small, only 1.65:1, but is still adequate for this application. 
The output flow versus output pressure characteristic with zero control 
flow is shown in Figure 3-15. 
A schematic of the pressure amplifier 
The amplifier is of the dual-exit type with dual 
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Figure 3-13 - Schematic of Regenerative-Feedback 
Vortex Pressure Amplifier 
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3.3 BREADBOARD SERVOVALVE EVALUATION TEST 
The objec t ives  of t h e  evaluat ion testwere t o  determine how w e l l  
t h e  complete servovalve would perform and what i n t e r f a c e  problems might 
e x i s t  between t h e  components of t h e  servovalve. 
evaluat ion test, t h e  l i n e a r i t y ,  flow recovery, p ressure  recovery and 
input-signal power were measured, f i r s t  using n i t rogen  as the  gaseous 
medium and then using hydrogen. 
using ni t rogen only. 
spec i f ied  requirements i n  Table 3-1. The measured performance m e t ,  o r  
came c lose  t o  meeting, t h e  spec i f ied  requirements i n  supply flow, r a t ed  
no-load flow, t r a n s i e n t  response, frequency response, threshold,  and 
hys t e re s i s .  The test  r e s u l t s  a l s o  pointed out  s eve ra l  areas which required 
an improvement i n  performance. These a r e  pressure recovery, l i n e a r i t y ,  
and s t a b i l i t y .  
evaluat ion test indicated t h a t  t h e  servovalve would not  operate  properly 
with regenerat ive feedback i n  t h e  p i l o t  s t age .  There was a l a r g e  a r e a  
of hys t e re s i s  along with a b i s t a b l e  type of operation. 
servovalve had been previously tested s a t i s f a c t o r i l y  with regenerat ive 
feedback i n  t h e  p i l o t  s tage.  But, when t e s t i n g  the  complete servovalve,  
t he  d i f fe rence  i n  the  gain c h a r a c t e r i s t i c s  of t h e  two power stage vor tex  
pressure ampl i f ie rs  caused t h e  regenerative-feedback vortex pressure  
ampl i f ie rs  t o  opera te  improperly. Therefore, as a temporary expedient 
t o  permi t  t h e  evaluat ion test  t o  proceed without delay,  t h e  regenerative- 
feedback ampl i f ie rs  w e r e  disconnected from t h e  servovalve c i r c u i t  and 
t h e  test was performed without them. The e f f e c t  of t h i s  w a s  t o  increase  
t h e  maximum input-s ignal  pressure s l i g h t l y  and t o  increase  t h e  t o t a l  
maximum input-s ignal  power by a f a c t o r  of about two. 
I n  t h e  servovalve 
The o the r  performance i t e m s  w e r e  measured 
The breadboard servovalve test performance is compared wi th  t h e  
Preliminary checks of t he  servovalve performance p r i o r  t o  t h e  
One s i d e  of t he  
Table 3-1 - Breadboard F l u e r i c  Servovalve Performance 
Item 
3 1.5 Supply Flaw 
5.2  Raced Input Signal 
5 3 
5 .5  Total Input Power 
Inpxi Signal Pressure &am 
6.2 Rated No-Load Flow 
6 4 Pressure Recovery 
6 5 L~nearily-Deu~afio,n 
Om" Varlalran 
6.7 SLabtlity 
6.8 Transient Reaponee 
6 9 Frequency Response 
Phase  Shrh and Ampll 
tvdr RaLIo 
6 I 1  Threshold 
6 11  Hysicre i la  
Spec%hed* 
1.02 rated no-load output flow ma-. 
7 Nlcrn2 (IO psi1 m l x  
45 N/cm2 (65 .3  p ~ i i l  
2.1 wafts max. N2 8 510% 
7.7 waffa msx.  H2 @ 510% 
2.76  gmlaec (0.0063 pps) N2 8 530% 
0.702 grn lsec  (0.00173 pps) H2 @ 530'R 
82 NIcm2 1119 ps i )  
IO% max. 
2 ,,mea '"8. max. 
0.4 NIcmZ (0.58 psi )  p-p 
62.5% F.V.  tn 0.055 8ec 
90.0% F.V. ~n 0.210 B ~ C  
20. ma-. @ 6 herlr  
90'max. @ 60 hertz 





IO N l c m 2  (14 5 pel1 
53  7 Nlcniz  (76 7 psm)  
10.5 wafts 
3 o 8misec (0 .0~67 p p = ~  
61 NIcm2 (98 pm?] 
19% 
2 tunes 
9 N l c m 2  (13 1 psx) 
0 110 *e= 
0 190 sec 
2 0 ' 8 5  hertz 
9 0 ' 8 4 5  hertz 




I 9 3  
9 3 Nlcrn2 ( I 3  5 pait 
51.2 N I s m 2  174 2 p"a1 
31 0 wat ts  
0 816 S m l s s c  10.0018 ppsl 
57 Nlcrnz I83 pe l )  







See Appendix A 
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Because of t h e  o s c i l l a t i o n  of t h e  power s t a g e  d i f f e r e n t i a l  output  
pressure ,  t h e  load p res su re  dynamic feedback c i r c u i t  could not  b e  evalu- 
a t ed ,  and t h e r e f o r e  i t ,  too ,  was disconnected from t h e  servovalve f o r  
t h i s  test .  
n i t rogen  and hydrogen, r e spec t ive ly ,  as compared wi th  the  s p e c i f i e d  
va lue  of 1.82 t i m e s  r a t e d  no-load output  flow. 
decreasing t h e  amplitude whi le  r z o r d i n g  t h e  output  of t h e  servovalve.  
The threshold  is def ined as t h e  increment of input  s i g n a l  requi red  t o  
produce a change i n  t h e  output  s igna l .  Thus, i f  t h e  input  s i n e  wave i s  
reduced u n t i l  t h e  output  amplitude becomes zero ,  t h e  input  amplitude a t  
t h a t  po in t  i s  a measure of t h e  threshold .  
t h e  servovalve should be  zero,  because of t h e  n a t u r e  of i ts  f l u e r i c  com- 
ponents,  which have no inherent  hys t e re s i s .  Thus, t he  output  amplitude 
should go t o  zero only when t h e  input  amplitude is reduced t o  zero.  How- 
ever ,  t h e  o s c i l l a t i o n  i n  t h e  output  obscured measurements a t  low input  
amplitude so t h a t  t h e  test  d a t a  only show t h a t  t h e  threshold  is no t  more 
than 1%. 
The supply flow w a s  2.0 and 1.93 t i m e s  t h e  r a t e d  no-load flow on 
The threshold  w a s  measuredby applying a sine-wave input  and gradual ly  
Actual ly ,  t h e  threshold  of 
Input-s ignal  power i s  def ined as t h e  product  of t h e  input-s ignal  
volumetr ic  flow and t h e  p re s su re  d i f f e rence  between t h e  input-s ignal  pres- 
su re  and t h e  servovalve exhaust pressure .  
power w a s  excess ive ly  high f o r  two reasons.  
w a s  no t  used and thus  more c o n t r o l  flow w a s  requi red .  
s i g n a l  pressure  is high because of t h e  pressure  level  c h a r a c t e r i s t i c s  
of t h e  Venjet ampl i f ie r .  The Venjet ampl i f i e r  ou tput  pressure  versus  
chamber pressure  curve i s  a t  a h igher  chamber pressure  than w a s  des i r ed .  
A t y p i c a l  trace of  t h e  t r a n s i e n t  response is  shown i n  Figure 3-16. 
The response t i m e  va lues  l i s t e d  i n  T a b l e  3-1 are t h e  average of several 
traces. 
second and s e t t l e d  wi th in  90% of t h e  f i n a l  va lue  i n  0.190 second. 
The frequency response d a t a  is shown i n  Figure 3-17. 
The maximum t o t a l  input-s ignal  
The regenera t ive  feedback 
Also, t h e  input- 
The d i f f e r e n t i a l  output  reached 62.9% of t h e  s t e p  i n  0.110 
The input  
s i g n a l  w a s  6.2% of t h e  r a t e d  input  s i g n a l  r a t h e r  than  2% as c a l l e d  out  
i n  t h e  s p e c i f i c a t i o n s ,  so  t h a t  t h e  d i f f e r e n t i a l  output  pressure  sine-wave 
da ta  would no t  be obscured by t h e  output  pressure  o s c i l l a t i o n .  The phase 
s h i f t  w a s  90 degrees a t  45 h e r t z .  The d i f f e r e n t i a l  output  pressure  ampli- 
tude v a r i a t i o n  w a s  less than k l . 7  db from 0 t o  80 he r t z .  This  phase s h i f t  
without amplitude v a r i a t i o n  i n d i c a t e s  t h a t  a s i g n a l  delay of approximately 
8 mi l l i seconds  occurs  i n  t h e  breadboard servovalve.  
The r e s u l t s  of t h e  frequency-rekponse and t ransient-response tests 
show t h a t  t h e  response of t h e  servovalve w i l l  be more than  adequate. 
breadboard servovalve components w e r e  packaged sepa ra t e ly  i n  order  t o  
achieve f l e x i b i l i t y  r a t h e r  than compactness. Repackaging t o  decrease 
connecting l i n e  volumes and using hydrogen r a t h e r  than n i t rogen  would 
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Figure 3-16 - Transient  Response of Breadboard F lue r i c  Servovalve 


















Figure 3-17 - Frequency Response of Breadboard F lue r i c  Servovalve 
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Representat ive d i f f e r e n t i a l  ou tput  p re s su re  s t a b i l i t y  da t a  are shown 
i n  Figure 3-18. 
of t h e  d i f f e r e n t i a l  output  p re s su re  t ransducer  wi th  a 1/(0,05S + 1 ) 2  
f i l t e r .  
output  p re s su re  of 0. 
w a s  9 N/cm2 (13.1 p s i )  peak-to-peak t o  a frequency of about 6.3 he r t z .  
The d i f f e r e n t i a l  ou tput  p re s su re  w a s  o s c i l l a t o r y  over most of t h e  d i f -  
f e r e n t i a l  i npu t  p re s su re  range, except a t  near  +loo% r a t e d  input  s i g n a l ,  
where t h e  output  d i f f e r e n t i a l  p re s su re  is r e l a t i v e l y  q u i e t  as shown i n  
t h e  lower photograph i n  Figure 3-18. 
pressure  with closed load  t h r o t t l e  is  shown i n  Figure 3-19. The l i n e a r i t y  
and h y s t e r e s i s  performance w a s  determined from t h i s  curve. The dev ia t ion  
from a s t r a i g h t  l i n e  of t h e  trace is 19% of t h e  r a t e d  va lue ,  which exceeds 
t h e  s p e c i f i e d  maximum of 10%. The maximum pres su re  ga in  is  two t i m e s  t he  
average p res su re  ga in ,  which i s  j u s t  equal  t o  t h e  s p e c i f i e d  l i m i t .  The 
curve does not  pass  through t h e  o r i g i n  because of t h e  d i f f e r e n c e  i n  ga in  
c h a r a c t e r i s t i c s  of t h e  two power s t a g e  vo r t ex  pressure  ampl i f i e r s .  
d a t a  were taken wi th  n i t rogen  as t h e  gaseous medium. 
t h e  gaseous medium i n s t e a d  of n i t rogen .  The dev ia t ion  from a s t r a i g h t  
l i n e  of t h e  ga in  curve i s  25% of t h e  r a t e d  va lue ,  and t h e  maximum pres su re  
ga in  is 3.6 t i m e s  t h e  average gain.  It is seen from comparison wi th  t h e  
curve i n  Figure 3-19 t h a t  t h e r e  is  a l a r g e  zero s h i f t  and a decrease i n  
t h e  maximum d i f f e r e n t i a l  output  pressure.  I n  previous tests of i nd iv idua l  
components, i t  w a s  found t h a t  t h e  performance c h a r a c t e r i s t i c s  were almost 
t h e  same wi th  hydrogen as wi th  n i t rogen .  However, because of t h e  l a c k  
of symmetry between t h e  two s i d e s  of t h e  servovalve,  a s m a l l  ga in  change 
r e s u l t s  i n  a zero s h i f t .  I d e n t i c a l  ga in  c h a r a c t e r i s t i c s  of both s i d e s  
of t h e  servovalve should e l imina te  t h e  zero s h i f t .  The l i n e a r i t y  would 
be improved by inc reas ing  t h e  flow capac i ty  of t h e  p i l o t  s t a g e  and a l s o  
by b e t t e r  matching of t h e  ga in  c h a r a c t e r i s t i c s  of t h e  power s t a g e  and t h e  
p i l o t  s t a g e  ind iv idua l  components. 
The output  flow versus  d i f f e r e n t i a l  output  p re s su re  i s  shown i n  
Figure 3-21. From t h i s  f i g u r e ,  i t  i s  seen t h a t  a t  r a t e d  input  s i g n a l  
t h e  m a x i m u m  load flows were 2.85 gm/sec (0.0063 pps) i n  one d i r e c t i o n  
and 3 . 3  gm/sec (0.0073 ps) i n  t h e  o the r .  The maximum d i f f e r e n t i a l  output  
pressures  are 65.4 N/cm5 (95 p s i )  and 70.3 N/cm2 (102 p s i ) .  The supply 
flow remained a t  6.18 gm/sec (0.0136 pps) during t h e  test .  The two power 
s t a g e  vo r t ex  p res su re  a m p l i f i e r s  had d i f f e r e n t  chambe:: ex i t  o r i f i c e  
l eng ths ,  and t h e  a m p l i f i e r  with t h e  s h o r t e r  o r i f i c e  l eng th  had lower 
p re s su re  recovery. U s e  of t h e  longer  e x i t  o r i f i c e  length  type of vo r t ex  
ampl i f i e r  on both s i d e s  of t h e  power s t a g e  would improve t h e  p re s su re  
recovery. 
The d a t a  w a s  taken after f i l t e r i n g  t h e  electrical s i g n a l  
The upper photograph shown was  taken on an average d i f f e r e n t i a l  
The maximum amplitude of o s c i l l a t i o n  i n  t h i s  case 
The d i f f e r e n t i a l  output  p re s su re  versus  d i f f e r e n t i a l  c o n t r o l  input  
These 
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Figure 3-18 - Breadboard F l u e r i c  Servovalve D i f f e r e n t i a l  
Output Pressure  S t a b i l i t y  
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Figure 3-19 - D i f f e r e n t i a l  Output Pressure  Versus D i f f e r e n t i a l  Input  
S i g n a l  of Breadboard F l u e r i c  Servovalve With Nitrogen 






Figure 3-20 - D i f f e r e n t i a l  Output Pressure  Versus D i f f e r e n t i a l  Inpu t  
S igna l  of Breadboard F l u e r i c  Servovalve With Hydrogen 
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Figure 3-21 - Breadboard F l u e r i c  Servovalve Output Flow 
Versus D i f f e r e n t i a l  P res su re  
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3.4 POWER STAGE VORTEX PRESSURE AMPLIFIER STABILITY TESTS 
Prior to the servovalve evaluation test described in Section 3.3, 
in a test of a power stage vortex pressure amplifier, an oscillation 
was found in the output pressure with blocked output pressure ranging 
from 52 to 72 N/cm2 (75 to 110 psia). 
it was found that this power stage oscillatory characteristic caused 
low-frequency, high-amplitude, unsteady variation of the differential 
output pressure under closed load throttle conditions. After the evalua- 
tion test was completed, further tests were performed on one of the power 
stage vortex pressure amplifiers in order to determine the source of the 
oscillation. 
negative-resistance rggion in the pressure-flow characteristics of the 
receiver. The test results showed that this was indeed, the source of 
the oscillation. 
In the servovalve evaluation test, 
It was suspected that the oscillation might be due to a 
Developmental tests were conducted with the objective of improving 
the stability of the power stage vortex pressure amplifiers used in the 
original servovalve circuit. 
entrance and vortex chamber exit orifice in an effort to eliminate the 
negative resistance region. A receiver configuration was found in which 
the negative resistance was eliminated in a single-exit amplifier. How- 
ever, negative resistance was still found to be present in the dual- 
exit pressure amplifier. 
in one amplifier (outward through the receiver toward the load) while 
reverse flow occurs at the other amplifier (inward through the receiver). 
Thus, flow in both the positive and reverse directions is of interest. 
The primary cause of the power stage instability was found to be a negative 
resistance region in the pressure-flow characteristics of the receiver. 
Therefore, the changes in geometry of the receiver and vortex chamber 
exit were evaluated by plotting the receiver output flow versus the out- 
put pressure. In most of the tests, only the reverse flow direction was 
plotted because it was found in earlier tests that the negative resistance 
region was located primarily in the reverse output flow quadrant, although 
the negative resistance region did cross over the zero flow axis into the 
positive output flow direction. 
Data were taken at several constant control pressure levels in order 
to obtain a family of curves. A schematic of the power stage vortex pres- 
sure amplifier is shown in Figure 3-22. 
used for the servovalve power stage is a dual-exit type with an exit 
orifice and receiver on each side of the vortex chamber. For most of 
the tests, the exit orifice and receiver were blocked off on one side 
of the vortex chamber. 
pressure amplifier before any changes were made are shown in Figure 3-23. 
Negative resistance is seen in the Pc = 122.8 N/cm2 and Pc = 123.1 N/cm2 
curves. 
Changes were made in the probe receiver 
Since the vortex amplifiers operate in push-pull, flow is positive 
The vortex pressure amplifier 








Figure 3-22 - Dual-Exit Vortex Pressure  Amplifier 
Several  changes w e r e  made t o  t h e  rece iver  f ace  i n  an e f f o r t  t o  
e l imina te  t h e  negat ive r e s i s t ance .  Figure 3-24 shows t h e  pressure-flow 
c h a r a c t e r i s t i c s  f o r  a f la t - faced  type of rece iver .  The negat ive r e s i s t a n c e  
has been el iminated i n  t h i s  case but t h e  maximum output pressure  is  low 
under t h e  blocked output condi t ion.  The maximum blocked output pressure  
i s  8% lower than t h a t  o r i g i n a l l y  obtained. Figure 3-25 shows t h e  e f f e c t  
of chamfering the  r ece ive r  o r i f i c e  entrance.  Here again,  no negat ive 
r e s i s t ance  is  seen,but  t he  maximum recovered pressure  i s  even lower than 
before. Figure 3-26 shows the  pressure-flow c h a r a c t e r i s t i c s  of a rece iver  
with a tapered ou t s ide  edge and only a very s m a l l  f l a t  a t  t he  t i p .  
pressure-flow c h a r a c t e r i s t i c s  f o r  t h i s  case are about t h e  s a m e  as f o r  
t he  f la t - faced  rece iver  shown i n  Figure 3-24. 
i n  an e f f o r t  t o  improve t h e  pressure  recovery. The area around t h e  exit  
o r i f i c e  was undercut as shown i n  Figure 3-27. A f la t - faced  rece iver  w a s  
used wi th  the  undercut e x i t  o r i f i c e .  I n  Figure 3-27, it  i s  seen t h a t  t h e  
maximum pressure  a t  zero output flow w a s  higher  but t h e  minimum pressure  
w a s  a l s o  higher ,  so t h a t  t h e  maximum pressure  d i f f e r e n t i a l  under blocked 
load condi t ion w a s  about t h e  s a m e .  A s m a l l  amount of negat ive r e s i s t a n c e  
is  evident  and it  can be seen from the  pen t r a c e  t h a t  the  output  pressure  
w a s  o s c i l l a t o r y  i n  the  negat ive r e s i s t ance  regions.  
amplif ier .  
determine whether ‘ there  is  any d i f f e rence  i n  t h e  pressure-f low character-  
i s t i c s  between a dual-exi t  and s ingle-ex i t  vor tex  p r e s s i r e  ampl i f ie r  with 
the  s a m e  rece iver  geometries. The pressure-flow c h a r a c t e r i s t i c s  of a 
dual-exit  ampl i f ie r  are shown i n  Figure 3-28. 
had f la t - faced  r ece ive r s  i d e n t i c a l  t o  t h e  configurat ion f o r  which the  
test r e s u l t s  w e r e  shown i n  Figure 3-24. The f i g u r e  shows t h a t  t h e  nega- 
t i v e  r e s i s t a n c e  is present ,  al though t h e r e  w a s  no negat ive  r e s i s t a n c e  i n  
the  s ing le-ex i t  configurat ion.  
nounced as t h a t  found i n  t h e  o r i g i n a l  vor tex  pressure  ampl i f i e r  configuration 
but is enough t o  cause o s c i l l a t i o n  of t h e  output pressure.  
The 
The geometry around t h e  vor tex  chamber exit  o r i f i c e  w a s  a l s o  changed 
The above tests w e r e  performed with a s ingle-ex i t  vor tex  pressure  
A dual-exit  vor tex  pressure  ampl i f ie r  w a s  t e s t e d  a l s o  t o  
The configurat ion tes ted  
The negat ive  r e s i s t a n c e  is  not as pro- 
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Figure 3-2 3 - Receiver Pressure-Flow Charac te r i s  tics of 
Vortex P res su re  Amplifier (Or ig ina l  Configuration) 
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Figure 3-24 - Receiver Pressure-Flow C h a r a c t e r i s t i c s  of Vortex 
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Figure 3-25 - Receiver Pressure-Flow C h a r a c t e r i s t i c s  of 
Vortex Pressure  Amplifier (Chamfered Receiver) 
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Figure 3-26 - Receiver Pressure-Flow C h a r a c t e r i s t i c s  of 
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Figure 3-27 - Receiver Pressure-Flow Charac te r i s t i c s  of Vortex Pressure  Amplifier 
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Figure 3-28 - Output Pressure-Flow Charac te r i s t i c s  of 
Vortex Pressure Amplifier (Dual-Exit) 
Since t h e  tests of t h e  vor tex  pressure  ampl i f ie r  improved but  d id  
not e l imina te  t h e  i n s t a b i l i t y ,  i t  w a s  decided t o  pursue t h e  a l t e r n a t e  
servovalve design incorporat ing a vor tex  va lve  br idge power s tage .  
Tests on t h i s  c i r c u i t  are described i n  Sect ion 4 .  
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SECTION 4 
DEVELOPMENT OF VORTEX VALVE BRIDGE SERVOVALVE 
The breadboard c i r c u i t  of t h e  vor tex  valve br idge servovalve has 
seve ra l  s i g n i f i c a n t  changes from t h e  vor tex  pressure  ampl i f ie r  servovalve.  
The power s t a g e  is made up of four  vortex valves  arranged i n  a br idge  
c i r c u i t  r a t h e r  than two vor tex  pAessure  ampl i f ie rs .  An e j e c t o r  and a 
je t -on-jet  p ropor t iona l  ampl i f ie r  were added t o  t h e  p i l o t  s t a g e  t o  improve 
t h e  flow recovery. This add i t ion  also increased t h e  power s t age  gain,  
and thus the  regenerative-feedback vor tex  pressure  ampl i f i e r s  could be  
removed from t h e  p i l o t  s t age .  
A preliminary breadboard of t h e  vor tex  va lve  br idge  power s t a g e  was’ 
t e s t ed  and showed s t a b l e ,  q u i e t  output pressure  c h a r a c t e r i s t i c s .  However, 
when the  c i r c u i t  w a s  optimized t o  obta in  good pressure  and flow recovery,  
a s t a b i l i t y  problem recurred.  The s t a b i l i t y  problem w a s  again assoc ia ted  
with negat ive r e s i s t a n c e  regions i n  t h e  output pressure-flow character-  
istics. The power s t age  was s t a b i l i z e d  a t  t h e  s a c r i f i c e  of some pressure  
and flow recovery. 
a r a t e l y  and were found t o  have adequate performance without f u r t h e r  devel- 
opment. 
on the  vor tex  pressure  ampl i f ie r  servovalve were used on t h i s  breadboard 
servovalve a l s o .  
and ejector only,as  t h e  p i l o t  s t ages ind ica t ed  t h a t  t h i s  por t ion  of t h e  
c i r c u i t  w a s  reasonably s t a b l e  and w a s  funct ioning properly.  
add i t ion  of t h e  Venjet ampl i f ie r  r e s u l t e d  i n  excessive i n s t a b i l i t y  and 
f u r t h e r  development tests were conducted on t h e  Venjet ampl i f i e r s  t o  
decrease t h e i r  no i se  l e v e l , .  F ina l ly ,  an eva lua t ion  test was  performed 
on the  complete servovalve,  
The je t -on- je t  p ropor t iona l  ampl i f ie r  and e j e c t o r  were t e s t e d  sep- 
The Venjet ampl i f i e r s  and vor tex  summing valve which were used 
Tests of t he  power s tage ,wi th  t h e  je t -on-jet  p ropor t iona l  ampl i f ie r  
However, 
4 . 1  DESCRIPTION OF CIRCUIT 
as shown schematical ly  i n  Figure 4-1. 
i n  Figure 4-2. 
p u l l  manner. 
opposi te  s i d e s  of t h e  vor tex  chamber. 
i n  diameter,  as shown i n  Figure 4 - 3 .  The l a r g e r  e x i t  o r i f i c e  is  connected 
t o  one s i d e  of t h e  load and t o  t h e  supply po r t  of an exhaust vor tex  valve.  
The supply and exhaust vor tex  va lves  opera te  out  of phase so t h a t  when 
the  supply vor tex  va lve  is  open t h e  exhaust vor tex  valve i s  closed and 
The servovalve c i r c u i t  is  made up of a power s t age  and p i l o t  s t a g e  
The power s t age  includes fou r  vor tex  valves, a s  shown schematical ly  
The c o n t r o l  pressure  t o  the  power s t age  a c t s  i n  a push- 
Each supply vor tex  valve has  two e x i t  o r i f i c e s  located on 




Figure 4-1 - Schematic of  F l u e r i c  Servovalve With Vortex Valve 
Bridge Power S tage  and With Jet-on-Jet P ropor t iona l  
Amplifier i n  P i l o t  Stage 
CONTROL CONTROL 




Figure 4-2 - Vortex Valve 






Figure 4-3 - Supply Vortex Valve 
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9 
vice-versa. When t h e  maximum c o n t r o l  flow i s  appl ied t o  the  supply vor tex  
va lve ,  t h e  supply flow i s  shut  of f  and t h e  con t ro l  flow passes through 
the  l a r g e r  e x i t  o r i f i c e  t o  the  supply po r t  of t h e  exhaust vor tex  valve.  
There is a r a d i a l  p ressure  grad ien t  i n  t h e  vor tex  chamber of t h e  supply 
vor tex  valve;  t he  pressure  is lowest a t  t h e  center and h ighes t  a t  t h e  
outer  edge (equal t o  supply pressure) .  Therefore the  pressure  a t  t h e  
smaller exit o r i f i c e  i s  s l i g h t l y  lower than t h e  pressure  a t  t h e  l a r g e r  
e x i t  o r i f i c e .  Thus, t h e  pressure  i n  the  i n t e r n a l  con t ro l  l i n e  is lower 
than t h e  load pressure ,  and the  exhaust vor tex  va lve  rece ives  no con t ro l  
flow and is  i n  t h e  e f f e c t i v e  open Condition. The combination of closed 
supply va lve  and open exhaust va lve  r e s u l t s  i n  a low load pressure.  The 
opposi te  case occurs on t h e  opposi te  s i d e  of t h e  load. When t h e  c o n t r o l  
flow t o  the  supply vor tex  va lve  is zero,  t he  supply va lve  is i n  t h e  
e f f e c t i v e  open condi t ion.  
e x i t  o r i f i c e  because of flow through the  o r i f i c e  t o  t h e  exhaust vor tex  
valve.  Because of t h i s  pressure  drop, t h e  pressure  i n  the  i n t e r n a l  
con t ro l  l i n e  i s  higher than t h e  load pressure  and con t ro i  flow is in t ro -  
duced i n t o  t h e  exhaust va lve ,  which e f f e c t i v e l y  c loses  t h e  valve.  
load pressure  would then be equal  t o  t h e  supply pressure(and a l s o  t o  
i n t e r n a l  con t ro l  pressure1 and con t ro l  flow could not  be introduced i n t o  
t h e  exhaust valve.  
exhaust valve r e s u l t s  i n  a high load pressure.  
There is  a pressure  drop across  t h e  l a r g e r  
The exhaust va lve  cannot completely shut  off  t h e  flow because the  
The combination of open supply va lve  and p a r t l y  closed 
The p i l o t  s t a g e  includes a je t -on-jet  p ropor t iona l  ampl i f ie r ,  an 
The je t -on- je t  p ropor t iona l  ampl i f ie r  provides t h e  d i f f e r e n t i a l  
e j e c t o r  , two Venj e t  ampl i f i e r s  , and two summing vor tex  va lves .  
con t ro l  flow t o  t h e  power s t a g e  supply vor tex  valves. The maximum pres- 
s u r e  recovery of t h e  je t -on-jet  p ropor t iona l  ampl i f i e r  is no more than 
60% of the  d i f f e rence  between t h e  supply pressure  and the  ampl i f i e r  vent  
pressure.  Therefore,  t he  vents  of t h e  je t -on-jet  p ropor t iona l  ampl i f i e r  
must be back pressured i n  order  t o  ob ta in  a high enough output pressure  
level  t o  con t ro l  t he  power s t a g e  supply vor tex  valves .  The backpressure 
l e v e l  required is about t h e  same as t h e  power s t a g e  supply pressure ,  
connected t o  t h e  supply l i n e  of t h e  power s tage .  This r e s u l t s  i n  an 
increase  i n  t h e  servovalve flow recovery. 
The add i t ion  of t h e  je t -on-jet  p ropor t iona l  ampl i f ie r  r e s u l t e d  i n  
t h e  need f o r  t h e  add i t ion  of t h e  e j e c t o r  t o  t h e  p i l o t  s t age  a l s o ,  
t he re  i s  a s l i g h t  pressure  drop from t h e  power s t a g e  s u p ~ ~ l y  l i n e  t o  t h e  
vor tex  valves ,  the  minimum power s t age  c o n t r o l  pressure  must be set 
s l i g h t l y  below i ts  supply pressure  i n  order t o  achieve a zero con t ro l  
flow condition. The output pressure  of t h e  je t -on-jet  p ropor t iona l  
ampl i f i e r  cannot go below i ts  vent  pressure;  t he re fo re ,  t he  vent  pres- 
s u r e  of t h e  je t -on-jet  p ropor t iona l  ampl i f ie r  i s  set s l i g h t l y  lower than 
the  power s t a g e  supply and t h e  e j e c t o r  i s  used t o  e n t r a i n  t h e  exhaust 
flow and increase  i ts  pressure  by 1.4 t o  2.8 N/cm2 (2 t o  4 p s i )  t o  t h e  
power s t age  supply pressure  l e v e l .  
Therefore,  t h e  vents  of t h e  je t -on-jet  p ropor t iona l  ampl i f i e r  are 
Because 
I .  
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Two summing vor tex  valves are used t o  introduce t h e  servovalve 
input  s igna l s .  
(65 p s i a ) .  Each summing vor tex  va lve  a l s o  includes two opposing c o n t r o l  
p o r t s  which are connected t o  t h e  servovalve output  p o r t s ,  through a 
frequency-sensit ive pneumatic f i l t e r ,  t o  achieve dynamic load pressure  
feedback. 
Venjet ampl i f i e r s  which supply t h e  con t ro l  p o r t s  of t h e  je t -on-jet  pro- 
po r t iona l  ampl i f ie r .  
mum of 121 N/cm2 (175 p s i a ) ,  which is t h e  exhaust pressure  of t he  jet- 
on-jet  p ropor t iona l  ampl i f ie r .  
The input  s i g n a l  has a pressure  b i a s  of 44.8 N/cm2 
The summing vor tex  valves  are used t o  con t ro l  t h e  vent  flow of t he  
The output  of t he  Venjet ampl i f i e r  must be a mini- 
4.2 COMPONENT DEVELOPMENT AND TEST RESULTS 
4.2.1 Jet-on-Jet Propor t iona l  Amplifier 
The ob jec t ives  of t h e  je t -on-jet  p ropor t iona l  ampl i f i e r  
tests were t o  determine t h e  pressure  and flow recovery. 
w a s  a standard u n i t  Model No. FD 2511-3-1321 b u i l t  by Corning Glass 
Works, Bradford, Pennsylvania. The p r o f i l e  of t he  ampl i f i e r  is shown i n  
Figure 4-4. 
0.045 in . ) .  
a func t ion  of the  d i f f e r e n t i a l  c o n t r o l  pressure  i n  Figure 4-5. 
o r i f i c e s  simulated the  con t ro l  input  areas of t he  power sta e. The supply 
respec t ive ly .  
l e v e l  of 126 N/cm2 (183 p s i a ) .  
(176.5 p s i a ) .  
The ampl i f ie r  
The supply nozzle is  0.043 c m  by 0.144 c m  (0.017 in .  by 
The output  pressure  and flow c h a r a c t e r i s t i c s  are shown as 
The load 
and vent  pressures  were 141.8 N/cm2 (215 ps i a )  and 120 N/cm s (175 p s i a ) ,  
The maximum flow recovery was 69% a t  an  output pressure  
The con t ro l  pressure  b i a s  w a s  122 N/cm2 
Figure 4-4 - P r o f i l e  of Jet-on-Jet 
Propor t iona l  Amplifier 
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Figure 4-5 - Pressure  and Flaw Recovery Characteristics of 
Jet-on-Jet Propor t iona l  Amplifier 
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. 4.2.2 Preliminary Breadboard Vortex Valve Bridge Power Stage 
Before designing a complete power s tage ,  a preliminary 
breadboard c i r c u i t ,  cons i s t ing  of two vor tex  valves  represent ing  one 
s i d e  o r  one-half of t h e  power s t age ,  w a s  t e s t ed .  
sembled from e x i s t i n g  valves .  The o r i f i c e  s i z e s ,  though not  opt imal ly  
matched, were thought t o  be  c l o s e  enough t o  determine f e a s i b i l i t y  of 
t he  c i r c u i t .  Figure 4-6 shows a schematic of t he  c i r c u i t  along wi th  
the  con t ro l  o r i f i c e  and e x i t  o r i f i c e  diameters.  
The supply p re s su r s  t o  t h e  test c i r c u i t  w a s  set a t  79.2 
N/cm2 (115 p s i a )  and the  exhaust pressure  w a s  one atmosphere. Output 
flow and output pressure  da t a  were taken a t  several con t ro l  pressure  
l e v e l s  i n  order  t o  obta in  a family of curves a t  constant  c o n t r o l  pres- 
s u r e  l eve l s .  The test  da t a ,  shown i n  Figure 4-7 i n d i c a t e  t h a t  t he re  
is  no negat ive r e s i s t a n c e  i n  the load pressure-flow c h a r a c t e r i s t i c s .  
The pressure  d i f f e rence  between t h e  maximum and minimum output  pressure  
a t  zero output flow is 45 N/cm2(66 p s i ) ,  which i s  equivalent  t o  66% 
pressure  recovery. No noisy o r  uns tab le  areas were found. 
The output pressure  noise  w a s  measured by photographing 
the  osc i l loscope  trace of t h e  output  pressure  versus  t i m e .  
taken with zero output flow and with a load volume of 82 cm3 (5 in3) .  
The da ta  are shown i n  Figure 4-8. 
mum no i se  is  about 0.07 N/cm2 (0.1 p s i )  peak-to-peak. 
The c i r c u i t  w a s  as- 
The da ta  w a s  
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Figure 4-6 - Schematic of Preliminary Breadboard Vortex Valve 
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Figure 4-7 - Output Pressure-Flow C h a r a c t e r i s t i c s  of Vortex Valve C i r c u i t  
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t ,0.17 N/CM2 (0.25 PSI) 
Figure  4-8 - Vortex Valve C i r c u i t  Noise 
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Figure  4-9 - Schematic of Breadboard Vortex Valve Bridge Power S tage  
Showing Or i f  ice D i a m e t e r s  
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It w a s  concluded from t h i s  test t h a t  t h e  vor tex  br idge  
type of power s t a g e  appears f e a s i b l e  and has  s t a b l e ,  q u i e t  output  pres- 
s u r e  c h a r a c t e r i s t i c s .  The pressure  recovery of t h i s  c i r c u i t  w a s  low, 
only 66%, bu t  i t  w a s  thought t h a t  t h i s  could be  improved by optimizing 
t h e  o r i f i c e  s i z e s .  
4.2,3 F i n a l  Vortex Valve Bridge 
A new vor t ex  va lve  br idge  c i r cu i t  w a s  designed and f ab r i -  
cated wi th  t h e  design intended t o  provide b e t t e r  pressure  and flow re- 
covery than w a s  obtained from t h e  prel iminary breadboard br idge  c i r c u i t .  
A schematic of t h e  c i r c u i t  is shown i n  Figure 4-9 along wi th  t h e  s i zes  
of t he  c o n t r o l  o r i f i c z s  and chamber ex i t  o r i f i c e s .  
Preliminary eva lua t ion  tests were performed t o  determine 
the  s t a b i l i t y ,  p ressure  recovery,  and flow recovery of t he  vor tex  va lve  
br idge  power s t age .  
obtained with the  vor tex  pressure  ampl i f i e r  power s t a g e ,  However, t h e  
flow recovery w a s  considerably lower because t h e  vo r t ex  br idge  c i r c u i t  
required about twice as much c o n t r o l  flow f o r  t h e  same no-load output 
flow. The new power s t a g e  w a s  no t  as s t a b l e  as t h e  prel iminary bread- 
board vo r t ex  pressure  ampl i f ie r  power s tage .  
improving the  s t a b i l i t y  of t h e  vo r t ex  valve br idge  power s t age .  These 
tests revealed t h a t  t h e  output pressure  o s c i l l a t i o n  of the  power s t a g e  
w a s  caused by a negat ive  r e s i s t a n c e  reg ion  i n  the  output  pressure-flow 
c h a r a c t e r i s t i c s .  The o s c i l l a t i o n  w a s  e l iminated by changing some of t h e  
con t ro l  and e x i t  o r i f i c e  a r e a s  of the  vor tex  valves which make up the  
power s tage .  S t a b i l i t y ,  l i n e a r i t y ,  and output  pressure-flow character-  
i s t i c  tests were then performed on the  breadboard vor tex  valve br idge  
power s t a g e  combined with a je t -on-jet  p ropor t iona l  ampl i f i e r  p i l o t  s t age .  
The pressure  recovery w a s  about t he  same as t h a t  
Development tests were conducted wi th  t h e  ob jec t ive  of 
(1) Preliminary Evaluation Tests 
The power s t a g e  w a s  con t ro l l ed  by a p i l o t  s t a g e  cons i s t ing  
The supply pres- 
Tests were performed on the  complete vo r t ex  br idge  
power s tage .  
of a je t -on- je t  p ropor t iona l  ampl i f i e r  and an e j e c t o r ,  
s u r e  t o  the  p i l o t  s t a g e  was 148 N/cm2(215 p s i a ) ,  and t h e  exhaust pressure  
of t he  power s t a g e  w a s  34,5 N/em2(50 p s i a ) ,  
s a t i s f a c t o r y ,  The output  flow versus output  pressure  c h a r a c t e r i s t i c s  
are shown i n  Figure 4-10, 
is  1.41 gm/sec (0,0031 lb / sec )  and the  maximum d i f f e r e n t i a l  output pres -  
s u r e  i s  69.7 N/cm2 (101 p s i ) ,  Negative r e s i s t a n c e  areas and unsteady 
output  pressures  are evident  i n  t h e  reverse pressure  and flow quadrant.  
The output  pressure  no i se  w a s  measured and a 9 h e r t z ,  6,9 N/cm2 (10 p s i )  
peak-to-peak o s c i l l a t i o n  w a s  found a t  about zero d i f f e r e n t i a l  pressure.  
The performance of t h e  ampl i f i e r  and e j e c t o r  were 
The d a t a  i n d i c a t e  t h a t  t h e  ma;.imum load flow 
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Figure 4-10 - Output Pressure-Flow Charac te r i s t i c s  of 
Vortex Valve Bridge Power Stage 
(2) Development Tests t o  Improve S t a b i l i t y  
Various changes were made i n  the  power s t a g e  i n  
order  t o  eliminate t h e  o s c i l l a t i o n  of t he  output pressure.  Most of t h e  
tests were performed on only one s i d e  of t he  power s tage .  
were evaluated by measuring the  output pressure  as a func t ion  of t i m e  
o r  by p l o t t i n g  the  output pressure  versus  output  flow. 
pressure-flow da ta  w e r e  taken a t  s e v e r a l  constant  c o n t r o l  pressure  levels 
i n  order  t o  obta in  a family of curves.  
s t a b i l i t y  of the  vortex valve br idge power s t a g e  w a s  t o  change the  exhaust 
vor tex  valves  from dual-exi t  t o  s ing le-ex i t  type. This  has  the  e f f e c t  
of decreasing t h e  flow ga in  of t h e  exhaust vor tex  valve. Although the  
o s c i l l a t i o n  w a s  not  e l iminated,  t he  amplitude w a s  decreased, and the  
output pressure  range over which t h e  o s c i l l a t i o n  occurred a l s o  w a s  
decreased. 
The output pressure-flow c h a r a c t e r i s t i c s  of one s i d e  
of t he  power s t age  with s ing le-ex i t  exhaust valves were then measured t o  
determine whether t h e  o s c i l l a t i o n  was caused by negat ive r e s i s t ance .  The 
da ta  are shown i n  Figure 4-11. The f i g u r e  shows t h a t  negat ive r e s i s t a n c e  
i s  present  a t  a c o n t r o l  pressure  l e v e l  of 122 N/cm2 (177 p s i a ) ,  which 
accounts f o r  t he  output pressure  o s c i l l a t i o n .  The f i g u r e  a l s o  shows t h a t  
t h e  maximum output  d i f f e r e n t i a l  p ressure  is  68 N/cm2 (99 p s i )  a t  zero 
The changes 
The output  
The f i r s t  modif icat ion t h a t  w a s  made t o  improve the  
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Figure 4-11 - Output Pressure-Flow Charac te r i s t i c s  of 
One Side of Vortex Valve Bridge Power Stage 
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Figure 4-12 - Output Pressure-Flow Charac te r i s t i c s  of 
One Side of Vortex Valve Bridge Power Stage 
(F ina l  Configuration) 
4-11 
3 
The negat ive  resistance, and hence t h e  output pres- 
s u r e  o s c i l l a t i o n ,  w a s  e l imina ted  by decreasing t h e  amount of c o n t r o l  flow 
t o  t h e  exhaust vo r t ex  valve. 
s i z e  of t h e  supply vo r t ex  valve.  Various combinations of e x i t  o r i f i c e  
and c o n t r o l  o r i f i c e  s i z e s  were t e s t e d  be fo re  t h e  f i n a l  combination w a s  
chosen. Figure 4-12 shows t h e  output  pressure-flow c h a r a c t e r i s t i c s  of 
one s i d e  of t h e  modified power s t a g e  wi th  a combination of o r i f i c e  s i z e  
which r e s u l t e d  i n  a s t a b l e  output p re s su re  wi th  t h e  least degrada t ion  
i n  maximum d i f f e r e n t i a l  output pressure .  The f i g u r e  shows t h a t  t h e  nega- 
t ive r e s i s t a n c e  has been eliminated. The maximum d i f f e r e n t i a l  output 
p re s su re  i s  62.7 N/cm2 (91 p s i )  The f i n a l  combination of o r i f i c e  s i z e s  
i s  shown i n  Figure 4-13. 
The complete modified power s t a g e  was then t e s t e d  
toge ther  wi th  a je t -on- je t  p ropor t iona l  ampl i f i e r  and an e j e c t o r .  The 
tests included s t a b i l i t y ,  l i n e a r i t y  and pressure-flow c h a r a c t e r i s t i c s .  
The output p re s su re  s t a b i l i t y  was t e s t e d  wi th  closed load t h r o t t l e  and 
with equal  load volumes of 82 cm3 (5 in3) on each s i d e  of t h e  load th ro t -  
tle. The maximum output p re s su re  r i p p l e  was 2 N/cm2 (2.9 p s i )  peak-to- 
peak as compared wi th  t h e  r equ i r ed  va lue  of 0.4 N/cm2 (0.6 p s i ) .  
photograph of t h e  output p re s su re  trace is shown i n  Figure 4-14. 
input  p re s su re  is shown i n  Figure 4-15. 
of t h e  curve, except t h a t  t h e  ga in  t a p e r s  off near t h e  ends. The pres- 
s u r e  ga in  i n  t h e  cen te r  p o r t i o n  of t h e  curve i s  about 60 t o  1. 
flow ve r sus  d i f f e r e n t i a l  output p re s su re  c h a r a c t e r i s t i c s  are shown i n  
F igure  4-16. 
This was  accomplished by decreasing t h e  
A 
The d i f f e r e n t i a l  output p re s su re  versus  d i f f e r e n t i a l  
The l i n e a r i t y  is good over most: 
The output  
4.2.4 Venj et  Amplifier 
Af t e r  t h e  vo r t ex  va lve  b r idge  power s t a g e  combined wi th  
t h e  je t -on- je t  p ropor t iona l  ampl i f i e r  p i l o t  s t a g e  had been t e s t e d ,  t h e  
Venjet ampl i f i e r s  and t h e  vo r t ex  summing valves were added t o  t h e  p i l o t  
s t a g e  and t h e  complete servovalve was t e s t e d .  
servovalve output p re s su re  was excess ive ly  noisy.  
of t h e  no i se ,  i t  w a s  found t h a t  t h e  output p re s su res  of t h e  Venjet ampli- 
f i e r s  were uns tab le .  
ampl i f i e r  i n  which t h e  receiver en t rance  geometry, t h e  receiver diameter,  
and t h e  d i s t a n c e  between t h e  nozz le  and receiver were modified t o  improve 
t h e  s t a b i l i t y  of t h e  output  pressure .  
evaluated by measuring t h e  s t a b i l i t y  and p res su re  gain.  
decreased i n  amplitude from 2.8 N/cm2 (4 p s i )  down t o  0.83  N/cm2 (1.2 p s i )  
peak-to-peak by decreasing t h e  d i s t a n c e  between t h e  nozz le  and receiver 
and by reducing t h e  receiver diameter.  
then modified t h e  same as t h e  f i r s t  one, and t e s t e d .  It w a s  found t h a t  
t h e  p re s su re  ga in  w a s  q u i t e  d i f f e r e n t  from t h a t  of t h e  f i r s t  Venjet ampli- 
f i e r .  
t h e  requi red  dimensional accuracy. New p o r t s  were f a b r i c a t e d  o r  o ld  p o r t s  
were reworked and t h e  redesigned Venjets  were t e s t e d .  
i n d i c a t e s  t h a t  t h e  ga in  c h a r a c t e r i s t i c s  were adequately matched a f t e r  
t h e  rework. 
It w a s  found t h a t  t h e  
I n  t r a c i n g  t h e  source 
Development tests were performed on t h e  Venjet 
The e f f e c t s  of t h e  changes were 
The no i se  w a s  
The o the r  Venjet ampl i f i e r  w a s  
The Venjet a m p l i f i e r s  were redesigned t o  make i t  easier t o  achieve 
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Figure 4-13 - Schematic of One Side  of Vortex Valve Bridge Power Stage 
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Figure 4-14 - S t a b i l i t y  of Vortex Valve Bridge Power 3tage With 
Jet-on-Jet  Propor t iona l  Amplif ier  P i l o t  Stage 
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Figure 4-15 - Pressu re  Gain of Vortex Valve Bridge Power Stage 
With Jet-on-Jet P ropor t iona l  Amplifier P i l o t  Stage 
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Figure 4-16 - Output Flow Versus Output Pressure  of Vortex Valve 
Bridge Power Stage With Jet-on-Jet P ropor t iona l  Amplifier P i l o t  Stage 
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The output  p re s su re  ve r sus  Venjet chamber p re s su re  d a t a  
were taken wi th  a supply p re s su re  of 148 N/cm2 (215 ps i a )  and wi th  two 
d i f f e r e n t  load condi t ions  on t h e  output pressure., 
is t h e  p re s su re  i n  t h e  area around t h e  nozzle  and r e c e i v e r , )  
was e i t h e r  blocked so t h a t  t h e r e  w a s  zero  output flow, o r  it w a s  loaded 
wi th  a c o n t r o l  o r i f i c e  of t h e  jet-on-jet  p ropor t iona l  ampl i f i e r .  The 
exhaust r e s s u r e  of t h e  je t -on- je t  p ropor t iona l  ampl i f i e r  w a s  set a t  
output p re s su re  trace on an osc i l loscope .  
The ga in  c h a r a c t e r i s t i c s  of t h e  Venjet ampl i f i e r  be fo re  
modi f ica t ion  are shown i n  Figure 4-17, i n  which t h e  output  p re s su re  versus  
t h e  Venjet chamber p ra s su re  is p l o t t e d .  The output  p re s su re  p o r t  was 
loaded wi th  an  o r i f i c e  s imula t ing  t h e  area of t h e  jet-on-jet  p ropor t iona l  
ampl i f i e r  c o n t r o l  o r i f i c e .  A rough conception of t h e  n o i s e  amplitude 
and t h e  l o c a t i o n s  of t h e  n o i s e  reg ions  can be seen  from t h e  v a r i a t i o n s  
of t h e  pen trace excursions.  A t y p i c a l  photograph of t h e  osc i l l o scope  
t r a c e s  of t h e  output p re s su re  and chamber p re s su re  is  shown i n  F igure  4-18. 
The d a t a  show t h a t  t h e  output  p re s su re  i s  o s c i l l a t o r y  wi th  varying ampli- 
tude. 
quency of about 100 h e r t z .  
and t h e  e f f e c t s  of t h e  modi f ica t ion  were evaluated. F i r s t ,  t h e  geometry 
around t h e  r ece ive r  en t rance  w a s  modified. 
istics of t h e  Venjet wi th  a chamfered receiver are shown i n  Figure 4-19. 
Data were taken both wi th  blocked output (zero output flow) and wi th  a 
c o n t r o l  o r i f i c e  of t h e  je t -on- je t  p ropor t iona l  ampl i f i e r  as a load, 
w a s  found t h a t  t h e  chamfer had l i t t l e  e f f e c t .  
i n  Figure 4-20. 
of t h e  output  p re s su re  versus  chamber p re s su re  curve, bu t  t h e  no i se  level 
is about t h e  same as t h e  o r i g i n a l  conf igura t ion .  
(The chamber p re s su re  
The output  
124 N/cm s (180 p s i a ) .  The s t a b i l i t y  w a s  measured by photographing t h e  
The maximum amplitude is 2.8 N/cm2 (4 p s i )  peak-to-peak a t  a f r e -  
Severa l  modi f ica t ions  were made t o  t h e  Venjet ampl i f i e r ,  
The p res su re  ga in  charac te r - '  
It 
The e f f e c t  of us ing  a receiver wi th  a sharp t i p  i s  shown 
The sharp t i p  has t h e  e f f e c t  of improving t h e  l i n e a r i t y  
The e f f e c t s  of i nc reas ing  and decreasing t h e  d i s t a n c e  between 
t h e  nozz le  and receiver are shown i n  F igures  4-21 and 4-22, r e s p e c t i v e l y ,  
The amplitude of t h e  n o i s e  is s l i g h t l y  smaller a t  t h e  s h o r t e r  d i s t a n c e  
between t h e  nozz le  and t h e  r ece ive r .  The p res su re  gain,  however, i nc reases  
as t h e  d i s t a n c e  between t h e  nozz le  and receiver is  increased ,  a t  least 
f o r  t h e  range of d i s t a n c e s  t e s t e d .  It i s  known from o t h e r  Venjet ampli- 
f i e r  tests t h a t ,  as t h e  d i s t a n c e  between t h e  nozz le  and r ece ive r  i s  
increased still  f u r t h e r ,  a po in t  i s  reached where t h e  ga in  aga in  decreases.  
gated.  F igure  4-23 shows t h e  ga in  c h a r a c t e r i s t i c s  of t h e  Venjet wi th  
29% l a r g e r  r ece ive r  o r i f i c e  diameter. 
s u r e  ga in  but  poor s t a b i l i t y .  
o r i f i c e  diameter by 16% is shown i n  F igure  4-24. 
t h i s  case, bu t  t h e  s t a b i l i t y  is  increased  considerably.  
The e f f e c t  of changing t h e  receiver diameter w a s  a l s o  i n v e s t i -  
This conf igu ra t ion  shows good pres- 
The e f f e c t  of decreas ing  t h e  r ece ive r  
The ga in  is  lower i n  
4-15 
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Figure 4-17 - Venj e t  Amplifier Gain C h a r a c t e r i s t i c s  (Or ig ina l  Configurat ion,  
4 +O.OIO sec 

























































The next  s t e p  w a s  t o  test t h e  smaller-diameter r ece ive r  
o r i f i c e  wi th  a s h o r t e r  d i s t a n c e  between t h e  nozz le  and r ece ive r .  The 
r e s u l t s  are shown i n  Figure 4-25. The f i g u r e  shows t h a t  t h e  p re s su re  
ga in  is  s l i g h t l y  lower than o r i g i n a l l y  obtained, bu t  t h e  output p re s su re  
appears t o  be s t a b l e  wi th  t h e  je t -on- je t  p ropor t iona l  ampl i f i e r  load. 
A photograph of t h e  osc i l l o scope  trace of t h e  output p re s su re  wi th  t h e  
jet-on-jet  p ropor t iona l  ampl i f i e r  load i s  shown i n  Figure 4-26. The 
d a t a  show t h a t  t h e  maximum amplitude is 0.83 N/cm2 (1.2 p s i )  peak-to- 
peak a t  a frequency of about 110 h e r t z .  
performance of t h e  va r ious  conf igu ra t ions  t e s t e d .  The d i s t a n c e  between 
t h e  nozz le  and receiver were decreased f u r t h e r  bu t  no inc rease  i n  s t a b i l i t y  
w a s  found and t h e  p re s su re  ga in  dropped off considerably.  
t o  match t h e  f i r s t  Venjet whose performance w a s  shown i n  Figures 4-24 
and 4-25. The ga in  c h a r a c t e r i s t i c s  of t h e  second Venjet are shown i n  
F igure  4-27. 
a t  a chamber p re s su re  of 41.3 N/cm2 (60 p s i a ) .  When t h e  second Venjet 
ampl i f i e r  w a s  t e s t e d  wi th  a d i f f e r e n t  receiver, t h e  d i s c o n t i n u i t y  w a s  
e l imina ted .  However, t h e r e  w a s  s t i l l  a cons iderable  d i f f e r e n c e  i n  t h e  
ga in  c h a r a c t e r i s t i c s  between t h e  two Venjets.  To match t h e  ga in  char- 
a c t e r i s t i c s  of t h e  two Venjets,  i t  w i l l  be necessary t o  match t h e  nozzles 
as w e l l  as t h e  receivers. The o r i g i n a l  design of t h e  Venjet ampl i f i e r  
w a s  such t h a t  i t  was  not p o s s i b l e  t o  in spec t  t h e  nozz le  length ,  nozz le  
en t rance  s u r f a c e  f i n i s h ,  o r  nozz le  en t rance  geometry a f t e r  t h e  assembly 
was  brazed toge the r .  
accuracy of t h e  nozz le  en t rance  geometry and t h e  c o n c e n t r i c i t y  of t h e  
nozzle  o r i f i c e  wi th  t h e  receiver o r i f i c e  during manufacture. 
t h e  Venjets were redesigned t o  make i t  easier t o  achieve t h e  r equ i r ed  
dimensional accuracy of t h e  Venjet p a r t s .  The redesigned Venjet ampli- 
f i e r s  were f a b r i c a t e d  and t e s t e d ,  The test d a t a  i n d i c a t e  t h a t  t h e  ga in  
c h a r a c t e r i s t i c s  are f a i r l y  w e l l  matched as shown i n  Figures 4-28 and 
This conf igu ra t ion  had t h e  b e s t  
The dimensions of t h e  second Venjet ampl i f i e r  were modified 
It i s  seen  t h a t  t h e r e  i s  a d i s c o n t i n u i t y  i n  t h e  ga in  curve 
It w a s  a l s o  d i f f i c u l t  t o  maintain t h e  requi red  
Therefore,  
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4.3 BREADBOARD SERVOVALVE EVALUATION TEST 
The o b j e c t i v e s  of t h e  eva lua t ion  test w e r e  t o  determine how w e l l  
t h e  servovalve would perform and how i ts  performance would compare wi th  
t h e  vo r t ex  p res su re  a m p l i f i e r  type power s t a g e  and wi th  t h e  s p e c i f i e d  
performance. 
b i l i t y ,  frequency response, and t r a n s i e n t  response were measured using 
both n i t rogen  and hydrogen as t h e  gaseous medium. 
than  t h e  vo r t ex  p res su re  ampl i f i e r  type servovalve b u t  t h e  flow recovery 
and power ga in  w e r e  no t  so high. 
as compared t o  the  s p e c i f i e d  performance were i n  s t a b i l i t y  and power 
recovery. 
The p res su re  recovery, flow recovery, i npu t  power, l i n e a r i t y ,  sta- 
The vo r t ex  bridge-type servovalve had b e t t e r  l i n e a r i t y  and s t a b i l i t y  
The major d e f i c i e n c i e s  i n  performance 
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, 
CHAMBER PRESSURE (psi.) 
Figure 4-25 - Venj e t  Amplifier Gain C h a r a c t e r i s t i c s  With Decreased 
Receiver Diameter and Decreased Spacing Between Nozzle and Receiver 
F igu re  4-26 - Venjet Amplifier S t a b i l i t y  With Decreased Receiver 
Diameter and Decreased Spacing Between Nozzle and Receiver 
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The breadboard servovalve test performance is compared with the 
The transient response rise time was slow,using nitrogen, but 
specified requirements in Table 4-1. 
faster than the required rise time for hydrogen. 
data with hydrogen as the gaseous medium is shown in Figure 4-30. For 
an output pressure step amplitude of 9.6 N/cm2 (14 psi), the time required 
to reach 62.5% of the final value is 0.045 second versus the specified 
value of 0.055 second, 
without the dynamic load pressure feedback, 
sure feedback on the frequency response of the servovalve operating on 
nitrogen is shown in Figure 4-31. 
functions, although the feedback gain and corner (break) frequency need 
to be adjusted slightly. The frequency response of the servovalve with 
dynamic pressure feedback and using hydrogen as the gaseous medium is 
shown in Figure 4-32. 
breadboard servovalve, which was more compact than this breadboard model, 
have indicated that the frequency response would be adequate if the 
excessive line volumes were eliminated. 
curves for both nitrogen and hydrogen are shown in Figure 4-33, 
curves show good linearity through the central two-thirds of the curve 
with a small decrease of gain at both end regions, 
nitrogen curves almost coincide, except at the end regions, The maximum 
differential output pressure is 61.3 N/cm2 (89  psi) using nitrogen and 
59.2 N/cm2 (86 psi) using hydrogen. 
Figures 4-34 and 4-35., 
signal of the differential output transducer with a l/(G.O5S + 112 filter. 
The maximum amplitude of oscillation was 7.9  N/cm2 (11.4 psi) peak-to- 
peak with nitrogen. The stability was improved when operating on hydrogen 
where the maximum amplitude of oscillation was 4.1 N/cm2 (6.0 psi) peak- 
to-peak. As can be seen from the figures, the oscillation did not occur 
at any regular frequency but was rather random. Similarly to the vortex 
pressure amplifier servovalve, the differential output pressure range, 
except at near +loo% rated input signal, where the output differential 
pressure is relatively quiet e 
is shown in Figure 4-36. 
is 1.0 gm/sec (0.0022 pps) at rated input signal. 
The transient response 
The frequency response of the servovalve was measured both with and 
The effect of the load pres- 
The data indicate that the circuit 
Previous tests of the vortex pressure amplifier 
The differential output pressure versus differential input pressure 
The gain 
. 
The hydrogen and 
Representative differential output pressure Stability is shown in 
The data was taken after filtering the electrical 
The output flow versus differential output pressure with nitrogen 
As seen from the figure, the naxfmum load flow 
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Table 4-1 - Breadboard F l u e r i c  Sewovalve  Performance 
Item 
3.1.5 Supply Plow 
5.2 Rated Input Signal 
5.3 Input Signal 
Pressure Bias 
5.5 Total lnput Power 
6.2 Rated Nc-Load Plow 
6.3 Pressure Recovery 




6.8 Transient Response 
6.9 Frequency Response 






.82 rated no-load output flow max. 
7 Nlcm2 (10 psi) max. 
45 Nlcm' (65.3 psia) 
2.1 watts max. N2 @ 530% 
7.7 watts max. H2 @ 530% 
76 gmlsee (0.0063 ppa) N2 @ 530% 
782 galsec (0.00173 pps) H2 @ 530% 
82 Nlcm' (119 psi) 
10% max. 
2 times average max. 
0.4 N/cm2 (0.58 psi) P-P 
62.5% F.V. in 0.055 SeC 
90.0% F.V. in 0.210 8ec 
20" nax. @ 6 hertz 
90- max. @ 60 hertz 
0.5% max. 
3% max. 
*2 db max. @ 0-60 hertz 
Measured (NZ) 
5.1 
4.8 N/cm2 (5.6 psi) max. 
49.3 N/m2 (71.7 psia) 
7.8 watts 
. O  gmlsec (0.0022 pps) N2 @ 530Q 
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Figure 4-29 - No. 2 Venjet  Gain C h a r a c t e r i s t i c s  
(F ina l  Configuration) 
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0.5 sec -)1 ~ 
P-4411 
Figure 4-30 - Trans ien t  Response of Breadboard Servovalve on Hydrogen 
Figure 4-31 - Breadboard Servovalve Frequency Response With and Without 
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Figure 4-33 - Differential Output Pressure Versus Differential Input Pressure 
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p1 - p q  
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time P-5349 
Figure 4-34 - S t a b i l i t y  of Vortex Valve Bridge Servovalve 
( D i f f e r e n t i a l  Output Pressure  Versus Time) 
(Gaseous Medium Nitrogen) 
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P1 = 52 N/em2 (76 pia) P1 = 65.5 N/m2 (45 pia) PI = 79 N/cm2 (1 15 pia) 
P i  = 93 N/cm2 (125 pb) P1 = 107 N/cm2 (165 pia) P1 = 110 N/m2 (160 pia) 
1.39 N/cm2 (2 pi) 
A 




Figure  4-35 - S t a b i l i t y  of Vortex Valve Bridge Servuvalve 
( D i f f e r e n t i a l  Output P res su re  Versus T ime)  
(Gaseous Medium Hydrogen) 
DIFFERENTIAL OUTPUT PRESSURE (N/cm2) 
-60 4 0  -20 0 20 40 60 
- 1 b  -EO -60 -40 -20 0 20 40 60 80 100 
DIFFERENTIAL OUTPUT PRESSURE (pit 
Figure 4-36 - Vortex Bridge Servovalve Output Flow Versus 
Output Pressure  (Gaseous Medium Nitrogen) 
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SECTION 5 
CONCLUSIONS AND RECOMMENDATIONS 
It has been e s t ab l i shed  t h a t  a f l u e r i c  servovalve with performance 
c a p a b i l i t i e s  comparable t o  a f lapper -nozz le  type servovalve can be  
b u i l t .  A problem with s t a b i l i t y  s t i l l  exists.  A l l  techniques evalu- 
a ted  thus f a r ,  t o  improve s t a b i l i t y ,  have r e s u l t e d  i n  reduct ion  of pres-  
s u r e  and flow recovery. I n  the  case of t he  vor tex  br idge  servovalve,  
a severe l o s s  i n  flow recovery r e su l t ed .  
type of servovalve i s  t o  be r e a l i z e d ,  i t  w i l l  b e  necessary t o  develop 
techniques f o r  s t a b i l i z a t i o n  t h a t  do not  r e s u l t  i n  severe los ses  i n  
per f  o rmance . 
I f  t h e  f u l l  p o t e n t i a l  of t h i s  
The following conclusions can be drawn from t h i s  research p r o j e c t :  
(1) Of the  two power s t a g e  concepts evaluated,  t he  power s t age  
using t h e  two vor t ex  pressure  ampl i f ie rs  has demonstrated 
much higher  flow recovery and power e f f i c i e n c y .  
The vo r t ex  br idge  power s t a g e  i s  more s t a b l e  than the  
vor tex  pressure  ampl i f i e r  power s tage .  The regions of 
i n s t a b i l i t y  of t he  output  pressure-flow are more l imi t ed  
and t h e  amplitude of o s c i l l a t i o n s  are lower. 
Operation of bo th  power s t ages  wi th  s t eep  s lopes  o r  s lope  
reversals i n  output  pressure-flow c h a r a c t e r i s t i c  curves 
r e s u l t  i n  low-frequency output  pressure  o s c i l l a t i o n s .  
( 4 )  During t h e  development e f f o r t ,  geometric changes t h a t  
reduced t h e  s lope  o r  e l iminated s lope  reversals i n  the  
pressure-f low c h a r a c t e r i s  t i c s  r e s u l t e d  i n  lower pressure  
and flow recovery. 
p i l o t  s t a g e  incorpora t ing  Venj ets , e x h i b i t s  a low-frequency 
output  i n s t a b i l i t y  which does not  c o r r e l a t e  wi th  t h e  high- 
frequency no i se  i n  the  Venjet output .  
Since the  f l u e r i c  servovalve has  demonstrated good performance 
(2) 
(3)  
(5) The present  vor tex  br idge  power s t a g e ,  opera t ing  with the  
c a p a b i l i t i e s ,  excluding s t a b i l i t y ,  and o f f e r s  important a lvantages i n  
r e l i a b i l i t y  and maintenance, i t  i s  recommended t h a t  f u r t h e r  development 
e f f o r t  be  c a r r i e d  on t o  improve s t a b i l i t y .  The ob jec t ives  of the  next  
e f f o r t  should be: 
(1) To study the  compressible flow phenomena and t o  e s t a b l i s h ,  
by test  and support ing a n a l y s i s ,  t he  s p e c i f i c  sources of  
i n s t a b i l i t y  i n  f l u i d i c  devices and c i r c u i t s .  
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(2) To formulate comprehensive mathematical models f o r  f l u i d i c  
elements and in t e rconnec t ing  t ransmission l i n e s  so t h a t  
c i r c u i t s  may be  analyzed and optimized on t h e  d i g i t a l  com- 
p u t e r ,  where t r a d e o f f s  between performaxice and s t a b i l i t y  
may be made without  r e s o r t i n g  t o  expensive hardware programs. 
To formulate a design c r i t e r i o n  t o  provide guide l ines  f o r  
designing s t a b l e  c i r c u i t s  w i th  optimum performance. These 
guide l ines  would be compiled from t h e  r e s u l t s  of computer 
simulations of components i n t e g r a t e d  i n t o  t y p i c a l  c i r c u i t  
app l i ca t ions .  
(3)  
The i n s t a b i l i t v  i n  f l u i d i c  systems i s  apparent ly  caused by one o r  
both of t h e  following forms of energy interchange: 
between two o r  more pneumatic energy s to rage  mechanisms. 
These mechanisms are f l u i d  ine r t ance ,  i . e . ,  f l u i d  i n e r t i a  
whose e l e c t r i c a l  analog i s  inductance; f l u i d  capacitance,  
i .e . ,  f l u i d  accumulation whose e l e c t r i c a l  analog i s  capaci- 
tance;  o r  var ious  s e r i e s - p a r a l l e l  combinations of e i t h e r .  
Tuning of transmission l i n e s  t o  e l imina te  resonances which 
low n o i s e  l e v e l s  t r i g g e r  i n t o  la rge-sca le  i n s t a b i l i t i e s ,  i s  
a common i l l u s t r a t i o n  of t h i s  phenomenon. 
( 2 )  between a s i n g l e  pneumatic energy s to rage  mechanism and a 
mul t iva lue  n o n l i n e a r i t y  such as negat ive  r e s i s t a n c e ,  as i n  
a vo r t ex  device,  o r  t h e  h y s t e r e s i s  a s soc ia t ed  wi th  w a l l  
attachment of a f r e e  j e t .  
Observations on causes of i n s t a b i l i t y  p o i n t  out necessary areas of 
i n v e s t i g a t i o n  which w i l l  r equ i r e  study t o  e l imina te  i n s t a b i l i t y  from t h e  
vor tex  p res su re  ampl i f i e r  power s t age .  For example, t he  vo r t ex  a c t i o n  
wi th in  the  chamber of t h e  ampl i f i e r  must be f r e e  of nega t ive  r e s i s t a n c e .  
Techniques t o  e l imina te  t h i s  nega t ive  r e s i s t a n c e  are p resen t ly  a v a i l a b l e .  
Also, geometries which might cause w a l l  attachment of t h e  vo r t ex  con ica l  
j e t  i n  t h e  reg ion  of t h e  chamber e x i t  and probe t i p  must be i d e n t i f i e d  
and modified accordingly t o  minimize t h i s  e f f e c t .  F i n a l l y ,  accumulated 
volumes, o r i f i c e s ,  and l i n e  segments which cause energy in te rchange ,  
e i t h e r  among each o t h e r  o r  i n  conjunct ion wi th  a mult ivalued n o n l i n e a r i t y ,  
must be i d e n t i f i e d ,  then modified t o  e l imina te  t h e  i n s t a b i l i t y .  
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APPENDIX A 
DESIGN SPECIFICATIONS FOR FLUERIC SERVOVALVE 
1. SCOPE 
The s p e c i f i c a t i o n  covers a valve t o  be  designed t o  m e e t  t h e  require-  
ments of NASA Contract  Number NAS 3-7980, e n t i t l e d  "Design, Fabr ica t ion  
and T e s t  of a F l u e r i c  Servovalve." 
2. DESCRIPTION 
The servovalve s h a l l  b e  a four-way valve wi th  dynamic negat ive  feed- 
back of t h e  output  pressure .  The servovalve s h a l l  conta in  no moving 
mechanical p a r t s  such as bellows, v a r i a b l e  o r i f i c e s ,  and je t -pipes .  The 
p r i n c i p l e  of  opera t ion  s h a l l  be t h e  i n t e r a c t i o n  of  f l u i d  streams. 
3. SUPPLY AND EXHAUST SPECIFICATIONS 
3.1 Phase 1 - Breadboard Model 
3.1.1 Working Fluid: The working f l u i d  s h a l l  be  both n i t r o -  
gen and hydrogen gas.  
3.1.2 Temperature: Supply gas s h a l l  be  room temperature. 
3.1.3 Supply Pressure:  The supply pressure  s h a l l  be  148 27 
newtons p e r  square cent imeter ,  abso lu te  (215 2 10 p s i a ) .  
3.1.4 Exhaust Pressure:  The exhaust pressure  s h a l l  be  
34.5 & 3.5 N/cda (50 2 5 p s i a ) .  
3.1.5 Supply Flow: Under a l l  opera t ing  condi t ions,  t he  
flow through t h e  supply p o r t  s h a l l  be  less than 1.82 
t i m e s  t h e  r a t e d  no-load output  flow, where " ra ted  no- 
load  output  flow" is  defined here as t h e  m a s s  flow 
through t h e  wide open load - th ro t t l e  f o r  r a t e d  input-  
s igna l .  "Rated input-signal" i s  def ined i n  paragraph 5.2. 
3.2 Phase I1 - Breadboard Model and Prototype Servovalve 
3.2.1 Working Fluid: The working f l u i d  s h a l l  b e  dry hydrogen. 
3.2.2 Tsmperature: Supply gas temperature s h a l l  b e  v a r i a b l e  
from 56 t o  333 degrees Kelvin (100 t o  600'R). 
3.2.3 Supply Pressure:  
N/cm2a (215 2 1 0  p s i a ) .  
The supply pressure  s h a l l  be 148 2 7 
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3.2.4 Exhaust Pressure:  The exhaust pressure  s h a l l  b e  
34.5 2 3.5 N/cm2a (50 2 5 p s i a ) .  
3.2.5 Supply Flow: Under a l l  opera t ing  condi t ions ,  t h e  flow 
through t h e  supply p o r t  s h a l l  be  less than 1.82 t i m e s  
t h e  r a t e d  no-load output  flow. 
4. LOAD SPECIFICATION 
The two output  p o r t s  s h a l l  be  connected t o  a load  cons i s t ing  of a 
series arrangement of a volume-throttle-volume combination. The load  s h a l l  
conta in  no vents .  The load  volumes s h a l l  be ad jus t ab le  t o  t h e  ex ten t  t h a t  
t he  d i f f e rence  betwcen the  two volumes can vary  between p lus  and minus 115 
cubic  centimeters (7 in3). 
equal  t o  164 cm3 (10 in3) .  
ad jus t ab le  from c losed  t o  wide open passageway. 
t h r o t t l e ,  t h e  d i f f e r e n t i a l  output  pressure  s h a l l  be  l e e s  than 5 N/cm2 (7 p s i ) .  
The t o t a l  of t h e  two volumes sha l l  remain 
The load - th ro t t l e  s h a l l  be a two-way valve 
With wide open load 
5. INPUT-SIGNAL SPECIFICATIONS 
5.1 Input-Signal: The input -s igna l  s h a l l  be a two-port d i f f e r e n t i a l  
pneumatic s igna l .  
f o r  t h e  servovalve.  
s u r e  d i f f e rence  between t h e  two input  po r t s .  
The working f l u i d  s h a l l  be t h e  same as t h e  supply gas 
"Input-s ignal  pressure" i s  def ined h e r e  as t h e  pres- 
5.2 Rated Pressure:  The r a t e d  input-s ignal  pressure  s h a l l  b e  less 
than 7 N/cm2 (10.2 p s i )  f o r  flow i n  both d i r e c t i o n s  through t h e  load- 
t h r o t t l e .  "Rated input-signal" i s  def ined h e r e  as t h e  input -s igna l  t h a t  
produces t h e  r a t e d  no-load flow s p e c i f i e d  i n  Paragraph 6.2. 
5.3 Quiescent Pressure:  For zero input-s ignal ,  t h e  pressure  b i a s  
of t h e  input -s igna l  s h a l l  b e  less than 45 N/cm2a (65.3 p s i a ) ;  where 
"pressure b ias"  is  def ined he re  as t h e  average pressure  of two l i n e s ,  
5.4 Admittance: Var i a t ion  i n  the admittance of each inpu t  p o r t ,  
r e s u l t i n g  from changes i n  t h e  load - th ro t t l e ,  s h a l l  be less than 10% of 
the  maximum inpu t  admittance f o r  t h e  complete range from closed t o  wide 
open load - th ro t t l e ;  where "admittance" is  def ined he re  as t h e  mathematical 
d e r i v a t i v e  of volumetr ic  flow wi th  respec t -  t o  the  abso lu te  pressure  i n  
the  inpu t  por t .  No s p e c i f i c a t i o n  i s  placed upon v a r i a t i o n  i n  t h e  input  
admittance as a func t ion  of t he  input-signal.  
5.5 Power: Under a l l  opera t ing  condi t ions wi th  dry hydrogen a t  
56'K (10O0R), t h e  combined power de l ivered  t o  the  input  p o r t s  s h a l l  be 
less than 4 w a t t s ;  where "power" is def ined h e r e  as t h e  product of  t h e  
gage pressure  (i.e.,  pressure  relative t o  t h e  exhaust pressure)  and 
volumetr ic  flow. 
A-2 
6. OUTPUT SPECIFICATIONS 
6 .1  Output: The servovalve s h a l l  have two output  po r t s .  "Differ-  
e n t i a l  output  pressure" is  def ined here  as the  pressure  d i f f e rence  between 
the  output  por t s .  "Output flow" is  def ined he re  as t h e  m a s s  flow through 
t h e  load - th ro t t l e .  
6.2 Rated No-Load Flow: With wide open load - th ro t t l e ,  t h e  output  
flow of dry hydrogen a t  56'K (100'R) s h a l l  be 2.1 grams pe r  second 
(0.00463 lb / sec )  f o r  t h e  r a t e d  input-s ignal .  
6.3 Pressure  Recovery: With closed l o  d - t h r o t t l e ,  t h e  d i f f e r e n t i a l  
output pressure  s h a l l  be g r e a t e r  than 82 N/cm' (119 p s i ) ;  i .e . ,  73% pres- 
s u r e  recovery. 
6.4 Pressure-Flow Charac te r i s t i c s :  For a l l  values  of constant  
input-s ignal ,  the  output  flow s h a l l  be equal  t o  o r  g r e a t e r  than 
where quant i ty  I;b is a constant  and equals  the  output  flow f o r  t he  given 
input-s ignal  wi th  wide open load - th ro t t l e ;  po i s  a constant  and equals  
t he  d i f f e r e n t i a l  output  pressure  f o r  the  given input-s ignal  w i th  closed 
load - th ro t t l e ;  and p i s  a v a r i a b l e  t e r m  equal  t o  t h e  d i f f e r e n t i a l  output 
pressure  f o r  t he  given input-s ignal  and i s  a func t ion  of t he  load - th ro t t l e  
s e t t i n g .  
6.5 Linear i ty :  Deviation from a s t r a i g h t  l i n e  of  input -s igna l  
pressure  versus  d i f f e r e n t i a l  output  pressure  f o r  c losed load - th ro t t l e  
s h a l l  be  less than 10% of  the  r a t e d  values .  
values of input-s ignal  s h a l l  be less than two (2) t i m e s  the  averase pres- 
su re  gain,  where "pressure gain" i s  def ined here  as t h e  mathematical 
d e r i v a t i v e  of t h e  d i f f e r e n t i a l  output  pressure  with r e spec t  t o  t h e  input-  
s i g n a l  pressure  during s teady opera t ing  condi t ions wi th  closed load- thro t t le .  
The pressure  ga in  f o r  a l l  
6.6 Pressure  Feedback: Dynamic negat ive  feedback of t he  pressure  
of each output  po r t  s h a l l  be an i n t e g r a l  p a r t  of the  servovalve.  The 
feedback ga in  a t  zero frequency s h a l l  be  less than 1% of the  r a t e d  input-  
s igna l .  The feedback ga in  a t  the  corner  (break) frequency of  5 h e r t z  
s h a l l  be 8 2 1% of the  r a t e d  input-s ignal .  Construction of t he  servovalve 
s h a l l  a l low easy exchange of components f o r  changing t h e  pressure  feedback 
c h a r a c t e r i s t i c s .  
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6.7 S t a b i l i t y :  Peak-to-peak r i p p l e  of f requencies  above 3 h e r t z  
s h a l l  be  less than 0.4 N/cm2 (0.58 p s i )  measured after f i l t e r i n g  a n  
electrical s i g n a l  of t h e  d i f f e r e n t i a l  output  p re s su re  wi th  a l/(O.O5S + 1)2 
f i l te r ,  f o r  var ious  load-volume s e t t i n g s  and f o r  a l l  values of  input -s igna l  
with closed load - th ro t t l e .  
6.8 Trans ien t  Response: From any i n i t i a l  va lue  and f o r  s t e p  input- 
s i g n a l s  t h a t  produce a 20 N/cm2 (29 p s i )  change i n  t h e  d i f f e r e n t i a l  output  
pressure ,  t h e  d i f f e r e n t i a l  output  pressure  s h a l l  reach 62.5% of  t h e  s t e p  
i n  a t i m e  per iod  of less than 0.055 second and s h a l l  sett le wi th in  2 N/cm2 
(2.9 p s i )  of t h e  f i n a l  va lue  i n  a t i m e  per iod of less than 0.210 second 
when t e s t e d  wi th  c losed  l o a d - t h r o t t l e  and wi th  equal  load-volumes. 
6.9 Frequency Response: With zero  load-volumes and blocked output  
p o r t s ,  t h e  phase s h i f t  of t h e  d i f f e r e n t i a l  output  pressure  €or a 2% r a t e d  
input -s igna l  a t  6 h e r t z  s h a l l  be less than 20 degrees ,  and a t  60 h e r t z  
t h e  phase s h i f t  s h a l l  be less than 90 degrees.  
p ressure  amplitude v a r i a t i o n  f o r  a constant  input -s igna l  s h a l l  be less 
than +2 db from 0 t o  60 he r t z .  
The d i f f e r e n t i a l  output  
6.10 Threshold: For a l l  va lues  of input-s ignal ,  t h e  increment of 
input-s ignal  requi red  t o  produce a change i n  t h e  output  s h a l l  be less 
than 0.5% of t h e  r a t e d  input-s ignal .  
6.11 Hysteresis: The d i f f e rence  i n  t h e  input -s igna l  requi red  t o  
produce t h e  same output  during a s i n g l e  input  cyc le  s h a l l  be  less than 
3% of t h e  r a t e d  input-s ignal .  
7. ENVIRONMENT SPECIFICATIONS 
I t e m s  7.2, 7 . 3 ,  and 7.4 s h a l l  no t  apply t o  t h e  breadboard model of 
t he  servovalve.  
7.1 Ambient Temperature: The servovalve s h a l l  be  capable  of  
opera t ion  under ambient temperatures t h a t  vary between 56'K and 333'K 
(100'R and 600'R). 
7.2 Vibrat ion:  The servovalve s h a l l  be  ope ra t iona l  when subjec ted  
t o  6 g ' s  amplitude from 0 t o  20 h e r t z  and then  l i n e a r  amplitude t o  20 g ' s  
a t  200 h e r t z  and then cons tan t  a t  20 g ' s  t o  2000 h e r t z  a long any axis. 
7.3 Shock and Accelerat ion:  The servovalve s h a l l  ope ra t e  a f t e r  
a 6-g shock and/or an 8-g a c c e l e r a t i o n  along any ax i s .  
7.4 Radiat ion F ie ld :  The servovalve s h a l l  b e  ope ra t iona l  under 
a t o t a l  dose of 6 x 106 rads  (ethylene)  1 hour; a fast  neutron f l u x  rate 
(E > 1.0 nev) of 3 x 1011 neutrons/cm2-sec; a thermal neutron f l u x  
(E < 1.86 EV) of 1 x 1O1O neutrons/cm2-sec; and a g a m a  hea t ing  equiva len t  
t o  770 wat ts /ki logram aluminum (350 watts/ lbm aluminum). 
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DESCRIPTION OF FLUERIC COMPONENTS 
1. VORTEX VALVE 
A vo r t ex  valve is  e s s e n t i a l l y  a t h r o t t l i n g  device.  The b a s i c  vor tex  
valve c o n s i s t s  of a c y l i n d r i c a l  chamber with supply flow and con t ro l  flow 
i n l e t s  and an o u t l e t  o r i f i c e  as i l l u s t r a t e d  i n  Figure B-1. The supply 
flow of gas e n t e r s  t h e  chamber and, i n  t h e  absence of con t ro l  flow, pro- 
ceeds r a d i a l l y  inward without  r e s i s t a n c e  and then flows out  of t h e  i n l e t  
o r i f i c e .  I n  t h e  absence of c o n t r o l  flow t h e  maximum t o t a l  flow through 
the  va lve  i s  achieved, wi th  t h e  main pressure  drop occurr ing  across  t h e  
o u t l e t  o r i f i c e .  
pressure.  Control  flow, caused by t h e  con t ro l  pressure  being above t h e  
chamber pressure ,  is  i n j e c t e d  t a n g e n t i a l l y  i n t o  t h e  chamber. The tangen- 
t i a l  c o n t r o l  flow imparts  a r o t a t i o n a l  component:to t h e  supply flow. The 
c e n t r i f u g a l  fo rce  due t o  t h e  f l u i d  r o t a t i o n  r e s u l t s  i n  a r a d i a l  p re s su re  
grad ien t .  For a cons tan t  supply pressure ,  t h i s  drop i n  pressure  across  
t h e  chamber reduces the  pressure  d i f f e r e n t i a l  across  the  o u t l e t  o r i f i c e ,  
and thus reduces t h e  o u t l e t  flow. 
The chamber pressure  i s  s l i g h t l y  less than t h e  supply 
I f  s u f f i c i e n t  con t ro l  flow i s  introduced,  t h e  flow from constant  
pressure  supply can be completely shu t  o f f ,  and thus the  supply flow can 
be modulated from f u l l  flow t o  zero.  The o u t l e t  flow can be modulated 
from f u l l  o u t l e t  flow, when t h e  c o n t r o l  flow is  zero ,  down t o  10% t o  30% 
of t h e  f u l l  o u t l e t  flow, when t h e  supply flow is  zero  and only c o n t r o l  
flow e n t e r s  t h e  chamber. The r a t i o  between t h e  f u l l  o r  maximum o u t l e t  
flow and minimum o u t l e t  flow i s  c a l l e d  t h e  turndown r a t i o .  Typical  
t h r o t t l i n g  c h a r a c t e r i s t i c s  of t h e  vo r t ex  valve are shown i n  Figure B-2. 
The vo r t ex  valve shown i n  Figure B-1 has an o u t l e t  o r i f i c e  on only 
one s i d e  of  t h e  vo r t ex  chamber, but  vo r t ex  valves are a l s o  made wi th  an 
o u t l e t  o r i f i c e  on both s i d e s  of t h e  vo r t ex  chamber. With two o u t l e t  
o r i f i c e s  of equal  s i z e ,  t h e  maximum o u t l e t  flow is almost double t h a t  ob- 
t a ined  with a vo r t ex  valve with a s i n g l e  o u t l e t  o r i f i c e .  However, t h e  
minimum o u t l e t  flow is  only s l i g h t l y  h igher  with two o u t l e t  ho le s  than 
with one. Thus, t h e  turndown r a t i o  of a vo r t ex  valve with two o u t l e t  
o r i f i c e s  i s  h igher  than a similar vo r t ex  valve with a s i n g l e  o u t l e t  
o r i f i c e  by a f a c t o r  of 1 .7  t o  1 .9 .  
Vortex Pressure  Amplifier 
The vo r t ex  p res su re  ampl i f i e r  i s  a power ampl i f ie r .  The output  
power can be modulated from maximum t o  zero ,  and t h e  vo r t ex  chamber i s  
i n s e n s i t i v e  t o  back pressure  because t h e  vo r t ex  pressure  ampl i f i e r  has  
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Figure B-2 - Vortex Amplifier 
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t he  exception t h a t  a pickoff  o r  r ece ive r  is  placed i n  the  gas stream 
of t h e  o u t l e t  o r i f i c e ;  t he  pickoff  a c t s  inmuch the  same manner as a 
p i t o t  tube. The receiver pressure  and flow is  t h e  output of t h e  device.  
When the re  i s  no con t ro l  flow, t h e  flow out  of t h e  o u t l e t  o r i f i c e  is  di-  
rec ted  i n t o  t h e  receiver, Figure B-2, Condition A, and t h e  pressure  and 
flow recovered under the  condi t ion i s  a t  a maximum. A s  con t ro l  flow is 
added, t he  e x i t  flow fans  out  as shown i n  Figure B-2, Condition B, and 
the  recovered pressure  decreases.  Hence, t h e  vor tex  pressure  ampl i f i e r  
uses the  combined e f f e c t s  of the  vo r t ex  valve and flow d ivers ion  f o r  ob- 
t a in ing  amplif icat ion.  
summing devices  by incorpora t ing  a number of p o s i t i v e  and negat ive  con t ro l  
input  po r t s .  
Both t h e  vo r t ex  valve and vo r t ex  pressure  ampl i f i e r  can be used as 
Venj et Amplifier 
The Venjet ampl i f i e r  i s  used pr imar i ly  t o  boost a pressure  s i g n a l  
from a low pressure  l e v e l  t o  a high pressure  l e v e l .  
and flow recovery and the  pressure  ga in  v a r i e s  from less than 1 up t o  5 
o r  sometimes even higher .  The Venjet ampl i f ie r  cons i s t s  of a nozzle  and 
r ece ive r  enclosed i n  a chamber, as i l l u s t r a t e d  i n  Figure B-3. The flow 
i n  the  supply nozzle  i s  son ic  throughout t he  use fu l  operat ing range. 
output pressure  i s  modulated by changing t h e  ambient pressure  around the  
f r e e  j e t  which i s s u e s  from the  r ece ive r  and impinges on the  rece iver .  
con t ro l  t h i s  ambient pressure ,  the  j e t  is  enclosed i n  a chamber as shown 
and the  flow rate of t he  gas vented from the  chamber i s  cont ro l led .  Re- 
s t r i c t i n g  the  flow vented from the  chamber increases  t h e  ambient chamber 
pressure  causing an inc rease  i n  output pressure.  Typical performance d a t a  
is  shown i n  Figure B-3 a l so .  
It has good pressure  
The 
To 
2. JET-ON-JET PROPORTIONAL AMPLIFIER 
The je t -on- je t  p ropor t iona l  ampl i f i e r  opera tes  on the  momentum ex- 
change p rope r t i e s  of two i n t e r s e c t i n g  f l u i d  jets.  
converts pressure  head i n t o  ve loc i ty  head. A con t ro l  j e t  i s  loca ted  a t  
r i g h t  angles t o  t h i s  supply j e t  and t h e  con t ro l  f l u i d  momentum is  mixed 
with the  supply j e t ,  r e s u l t i n g  i n  a d e f l e c t i o n  while maintaining a coherent 
j e t  of mixed supply and con t ro l  f l u i d .  
divided between two flow rece ivers  as shown i n  Figure B-4. 
momentum can then be converted back t o  pressure  head and flow, depending 
on the  n a t u r e  of t he  load requirements. Typical ampl i f ie r  pressure  gain 
c h a r a c t e r i s t i c s  are a l s o  shown i n  Figure B-4. The phys ica l  s i z e  of t he  
element is set by the  area of t h e  supply je t .  Most of t h e  devices  being 
used today have rec tangular  por t ing .  
p ressure  recovery t o  approximately 60% of supply pressure  and demand a 
constant  flow, only ac t ing  as a flow d iv ider .  
A primary f l u i d  j e t  
The r e s u l t i n g  j e t  of f l u i d  i s  
The j e t  
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An e j e c t o r  is  a pump wi th  no moving p a r t s .  I n  the  e j e c t o r ,  a j e t  
e n t r a i n s  f l u i d  from a low p res su re  region and d e l i v e r s  i t  t o  a higher- 
p re s su re  region.  The e j e c t o r  c o n s i s t s  of a nozz le  and d i f f u s e r  and sur-  
rounding chamber as shown schematical ly  i n  Figure B-5. The low-pressure 
high-velocity j e t  acts t o  e n t r a i n  the  f l u i d  i n  the  surrounding chamber, 
thereby enabl ing t h e  device t o  withdraw f l u i d  from a region t h a t  is  at 
t h e  same p res su re  as the  e j e c t o r  chamber. 
of t he  r e s u l t i n g  mixture made up of t h e  supply j e t  and t h e  en t r a ined  
f l u i d  r e s u l t s  i n  h igher  p re s su re  and lower v e l o c i t y  at t h e  o u t l e t  of t h e  
e j e c t o r .  Typical  performance c h a r a c t e r i s t i c s  are a l s o  shown i n  Figure B-5. 
























pounds p e r  second 
c o n t r o l  p r e s s u r e  t o  t h e  p i l o t  s t a g e  
c o n t r o l  p r e s s u r e  
chamber p r e s s u r e  
d i f f e r e n t i a l  c o n t r o l  p r e s s u r e  
d i f f e r e n t i a l  ou tpu t  p r e s s u r e  
exhaust  p r e s s u r e  
o u t p u t  p r e s s u r e  
supply p r e s s u r e  
p r e s s u r e  t r ansduce r  
p r e s s u r e  on e i t h e r  s i d e  of l oad  
c o n t r o l  volume flow 
exhaust  volume flow 
ou tpu t  volume flow 
supply volume flow 
c o n t r o l  weight  flow 
exhaust  weight  flow 
weight flow a c r o s s  t h e  load  
ou tpu t  weight  flow 
supply weight  flow 
Turndown Rat io:  
Terms 
R a t i o  of t h e  ou tpu t  flow of  a v o r t e x  v a l v e  w i t h  no 
i n p u t  c o n t r o l  f low t o  t h e  ou tpu t  flow w i t h  t h e  supply 
flow equa l  t o  ze ro  when t h e  supp ly  is  a c o n s t a n t  
p r e s s u r e  source.  
Negative Res i s t ance :  A f l u e r i c  dev ice  is s a i d  t o  have n e g a t i v e  r e s i s t a n c e  
when a p o r t i o n  of i ts  o u t p u t  pressure-f low cu rve  
i n d i c a t e s  i n c r e a s i n g  ou tpu t  flow w i t h  i n c r e a s i n g  
ou tpu t  p r e s s u r e  r a t h e r  than dec reas ing  ou tpu t  p r e s s u r e .  
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P r e s s u r e  Recovery: E i t h e r  t h e  o u t p u t  p r e s s u r e  d i f f e r e n t i a l  o f  a servo-  
v a l v e  w i t h  a g iven  supp ly  p r e s s u r e  o r  t h e  ou tpu t  
p r e s s u r e  d i f f e r e n t i a l  of a servovalve  d iv ided  by t h e  
d i f f e r e n c e  between supplv and exhaus t  p r e s s u r e s .  
' h e  r a t i o  of t h e  o u t p u t  weLglit f low t o  the inpuL weight  
f l o w  of a v a l v e .  
An a m p l i f i e r  witl i  two o u t p u t s  such  t h a t  a s  one ou tpu t  
i n c r e a s e s ,  t h e  o t h e r  o u t p u t  dec reases  and v i c e  v e r s a .  
Flow Recovery : 
P usll-Pul1 0 11 t p  ut 
h i p  1 i f ie r : 
Receiver :  A c a v i t y  o r  tube p o s i t i o n e d  i n  t h e  p a t h  o f  a f l u i d  j e t  
f o r  t h e  purpose o f  r e c e i v i n g  o r  recover ing  some p o r t i o n  
o f  t h e  j e t ' s  t o t a l  p r e s s u r e  o r  energy.  
P r e s s u r e  Bias: The ave rage  p r e s s u r e  o f  two c o n t r o l  s i g n a l  l i n e s .  
O r i f i c e  + o r  -f- 
Valve ----++- 
T 
-6- P r e s s u r e  Regula tor  
9 P r e s s u r e  Gauge 
-r F l o  a t - ly p e F I o wme t e r 
9- P r e s s u r e  Transducer  Supplv 
Supply 
Exhaust 
o u t p u t  
SUPPlY o u t p u t  
+ $ Cont ro l  Vortex Valve O u t l e t  Con t ro l  Vortex P r e s s u r e  Ampl i f ie r  
--E_f?-- 
Venjet  Ampl i f ie r  o r  E j e c t o r  
Vent Amp Jet-on-Jet  1 i f F r P r e s s u r e  A (Control)  
o u t p u t  o u t p u t  
Con t ro l  Con t ro l  
Ven t  I,, - 1 Vent 
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APPENDIX D 
DIMENSIONS OF COMPONENTS 
Following are a drawing, a photograph, and dimensions no t  showwin 
t h e  text  of t h e  servovalve components. 
1. VORTEX PRESSURE AMPLIFIER SERVOVALVE 
A layout  assembly drawing of t h e  vor tex  p res su re  ampl i f i e r  servo- 
valve is  shown i n  Figure D-1  and a photograph showing an exploded view 
of t h e  servovalve is shown i n  Figure D-2. 
The s i g n i f i c a n t  dimensions of the power s t a g e  vo r t ex  p res su re  
ampl i f ie rs  are as follows: 
Vortex Chamber D i a m e t e r  1.112 c m  (0.438 i n . )  
Vortex Chamber Length 0.094 c m  (0.037 i n . )  
Button Diameter 1.062 c m  (0.418 i n . )  
Exi t  O r i f i c e  Diameter (two o r i f i c e s )  0.094 cm (0.037 in . )  
Control  O r i f i c e  D i a m e t e r  ( four  o r i f i c e s )  0.046 cm (0.018 i n . )  
Receiver Diameter 0.104 cm (0.041 i n . )  
Distance Between Exit  O r i f i c e  
and Receiver 0.028 c m  (0.011 i n . )  
The s i g n i f i c a n t  dimensions of t h e  summing vor t ex  ampl i f ie rs  are 
Vortex Chamber Diameter 1.12 c m  (0.441 in . )  
Vortex Chamber Length 0.16 c m  (0.063 in . )  
Button Diameter 1.05 cm (0.412 in . )  
Exi t  O r i f i c e  Diameter 
(Two O r i f i c e s )  0.16 c m  (0.063 in . )  
Control O r i f i c e  Area: 
as follows: 
No. 1 (Iriput Signal)  2.58 x lom3  c m  2 (4.0 x i n  2 ) 
No. 2 (Regenerative Feedback) 0.93 x lom3' cm2 (3.0 x lom4 i n  2 ) 
2 N o .  3 and No. 4 
(Dynamic Press  ur  e Feedback) 0.26 x loT3 cm2 (0.4 x " ~ O - ~  i n  ) 
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Figure D-2 - Vortex Pressure Amplifier Servovalve 
The significant dimensions of the regenerative-feedback vortex pres- 
Vortex Chamber Diameter 
sure amplifiers are as follows: 
0.178 cm (0 .070 in.) 
Vortex Chamber Length 0.020 cm (0 .008 in.) 
Exit Orifice Diameter 0.020 cm (0 .008 in.) 
Receiver Diameter 0.020 cm (0 .008 in.) 
Distance Between Exit 
Orifice and Receiver 0.010 cm (0 .003 in.) 
2. VORTEX VALVE BRIDGE SERVOVALVE 
as follows: 
The vortex chamber dimensions of both supply and exhaust valve are 
Chamber Diameter 
Chamber Length 
1.11 cm (0.437 in.) 
0.094 c m  (0.037 in.) 
Button Diameter (Supply Valve) 1.09 cm ( ! / .428 in.) 
Button Diameter (Exhaust Valve) 1.06 em (0 .418 in.) 
Orifice Diameters (See Figure 4-9, page 4-8) 
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APPENDIX E 
SERVOVALVE TEST EQUIPMENT AND PROCEDURE 
Data i n  t h i s  appendix cover t h e  test equipment and procedure f o r  
eva lua t ing  both the  vor tex  pressure  ampl i f ie r  and vor tex  br idge servovalves.  
1. TEST EQUIPMENT 
Transient  resyonse, frequency response, output s t a b i l i t y ,  h y s t e r e s i s ,  
and symmetry tests were conducted using the  tes t  setup shown schematically 
i n  Figure E-1. An electropneumatic flapper-nozzle type valve w a s  used t o  
cont ro l  t h e  input  con t ro l  pressures .  The electropneumatic valve w a s  con- 
t r o l l e d  by an ampl i f i e r ,  and t h e  input  s i g n a l  w a s  va r i ed  by a func t ion  
generator.  The d i f f e r e n t i a l  output  and input  pressures  t o  t h e  servovalve 
w e r e  measured by means of d i f f e r e n t i a l  p ressure  t ransducers .  
sures  were recorded on an X-Y p l o t t e r  o r  an osc i l lograph .  
versus d i f f e r e n t i a l  output pressure  w e r e  conducted using t h e  test  setup 
as shown i n  Figure E-2 f o r  t h e  vor tex  pressure  ampl i f ie r  servovalve tests, 
and i n  Figure E-3 f o r  t he  vor tex  br idge servovalve tests. 
tests, mass flow transducers  o r  f loa t - type  flowmeters w e r e  used t o  measure 
inpu t ,  con t ro l ,  and load flows, and pressure t ransducers  o r  s tandard bour- 
don tube pressure  gages were used t o  measure pressure.  
The pres- 
T e s t s  of input  admit tance,  con t ro l  input  puwer, and output flow 
For these  
2. TEST PROCEDURE 
2 . 1  Transient  Response 
The t r a n s i e n t  response of t h e  servovalve w a s  measured by 
introducing a s t e p  input  and by recording both t h e  input  and output 
pressures  as a funct ion of t i m e .  The load volumes were equal  and t h e  
load t h r o t t l e  w a s  closed. 
2.2 Frequency Response 
The frequency response w a s  measured by i,ntroducing a constant-  
amplitude sine-wave input  s igna l .  
pressures  w e r e  measured as a funct ion of t i m e  a t  var ious frequencies .  
The load volumes w e r e  each about 4.9 cm3 (0.3 in3) ,  and t h e  load t h r o t t l e  
w a s  closed. 
The output and input  d i f f e r e n t i a l  
2.3 Output S t a b i l i t y  
The output s t a b i l i t y  w a s  measured by recording output d i f f e r -  
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Figure E-3 - Flue r i c  Vortex Valve Bridge Servovalve 
T e s t  Setup N o .  3 
w a s  performed wi th  closed load  t h r o t t l e  and with var ious  load  volume 
s i z e s  and input-s ignal  levels. The load volumes used were: 
(1) V1 = 139 cm3 (8.5 in3 ) ;  V2 = 24.6 cm3 (1.5 in3) 
3 3 (2) V1 = V2 = 82 c m  (5 i n  ) 
(3) V1 = 24.6 cm 3 (1.5 i n  3 1; V2 = 139 cm 3 (8.5 i n  3 ) 
E- 3 
2.4  Threshold 
The threshold  w a s  measured by recording t h e  inpu t  and output  
d i f f e r e n t i a l  p ressures  as a func t ion  of t i m e  with a sine-wave input .  The 
input  s i g n a l  w a s  g radual ly  decreased u n t i l  t h e  output  no longer  followed 
the  input .  
2.5 Hysteresis and L inea r i ty  
The d i f f e r e n t i a l  output  pressure  w a s  recorded as a func t ion  
of t h e  d i f f e r e n t i a l  i npu t  pressure  on an X-Y p l o t t e r  as the  inpu t  s i g n a l  
va r i ed  slowly from p lus  t o  minus and back t o  a plus-rated input  s igna l .  
2.6 Input  Admittance 
The inpu t  admittance w a s  e s t a b l i s h e d  by recording t h e  con t ro l  
u n i t  p ressures  and flows and t h e  load flow f o r  var ious  t h r o t t l e  openings 
with a constant  input  signal. 
2.7 Control Input  Power 
The c o n t r o l  input  pressures  and flows and output  pressures  
were measured a t  var ious  input -s igna l  levels with closed load  t h r o t t l e .  
2 . 8  Output Flow Versus D i f f e r e n t i a l  Output Pressure  
The d i f f e r e n t i a l  output  pressure ,  load flow and supply flow 
were recorded a t  var ious  s e t t i n g s  of t h e  load  t h r o t t l e  wi th  constant  
input  signal. 
E- 4 
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